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ABSTRACT 
 
 The current body of research in western North America indicates that water 
resources in the Oldman Basin are vulnerable to the impacts of climate change. The 
objectives of this thesis were to parameterize and verify the ACRU hydrological 
modelling system for the 256 km2 Beaver Creek watershed, a tributary to the Oldman 
River. The ACRU model successfully simulated monthly volumes of the observed 
hydrological record (r2 =0.78), and simulated the behaviour of the mean annual 
hydrograph with sufficient accuracy to assess the mean change in future hydrological 
response over 30-year simulation periods. A range of global climate model (GCM) 
projections were used to perturb the 1961-1990 baseline climate record using the delta 
downscaling technique, which resulted in the input for future hydrological simulations. 
Five potential future hydrological regimes were compared to the 1961-1990 baseline 
conditions to determine the net effect of climate change on the hydrological regime of the 
Beaver Creek catchment over three time periods of 2020, 2050 and 2080. Despite annual 
projections for a warmer and wetter climate in this region, the majority of the simulations 
indicated that the seasonal changes in climate resulted in a shift of the seasonal 
streamflow distribution. The results indicated an increase in winter and spring streamflow 
volumes and a reduction of summer and fall streamflow volumes over all time periods, 
relative to the baseline conditions (1961-1990) in 4 of the 5 scenarios.  
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CHAPTER 1 
Introduction 
1.1 Introduction  
 Fresh water is essential to societies and ecosystems (Gleick, 1993), the supply and 
demand of future water resources will be directly affected by the impacts of climate 
change (IPCC, 1997; Arnell, 1999). The projected changes in global climate may cause 
significant alterations to regional hydrological regimes (Loaiciga et al., 1996; Xu, 2000), 
potentially reducing the availability of fresh water resources (Gleick, 1993). Changes in 
regional hydrology could have far reaching implications for agricultural production, fish 
and wildlife and municipal and industrial water supplies (Xu, 2000; Field et al., 2007).  
 The Intergovernmental Panel on Climate Change (IPCC) has declared that water 
quantity and quality in North America are particularly vulnerable to the effects of climate 
change (IPCC, 1997; Field et al., 2007). In midcontinental, semi-arid regions, 
temperature driven increases in evapotranspiration may result in reductions of surface 
and groundwater stores (IPCC, 1997). Snowmelt dominated regions are also particularly 
vulnerable to the effects of increased temperatures as they affect snowpack accumulation 
and melt rate (Barnett et al., 2005). 
 Water resources in the semi-arid Canadian Prairies are vulnerable to the impacts 
of climate change as a significant volume of the annual runoff is derived from mountain 
snowmelt. In the westernmost province of Alberta, water supply is under increasing 
pressure due to population growth as well as increasing agricultural and industrial 
demands (AENV, 2003; Schindler and Donahue, 2006).  Over the past century, 
streamflows have declined in the major rivers throughout the province over the summer 
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months when agriculture and industry demands are greatest. Subsequent low flows over 
this period can have serious implications for aquatic species as in-stream flows are in 
insufficient to meet ecosystem needs (Schindler and Donahue, 2006). Previous research 
which examined the effects of climate change on the mountain headwaters of the Oldman 
Basin indicated that water supply may be reduced due to a reduction of snowpack (Lapp 
et al., 2005).  
Hydrological models provide a means to evaluate the relationship between the 
hydrology and climate in a catchment (Leavesley, 1994). Modelling the effects of climate 
change on the hydrology of a catchment governed by snowmelt and rainfall precipitation, 
a diversity of land uses, soil types and topography will improve the understanding of 
future climate change impacts in the Oldman Basin. Simulating the response of 
hydrology to future climate hinges on the accuracy of modelling current conditions 
(Whitfield et al., 2003). If sufficient model accuracy is obtained in simulating observed 
streamflow records, the model can be run with scenarios representing potential future 
climates (Leavesley, 1994). 
 The impacts of climate change on regional hydrology are most commonly 
assessed by combining the output from general circulation models (GCMs) with a 
physically-based hydrological model (Xu, 1999a; Loukas et al., 2002). Scenarios derived 
from GCMs provide the only projection of changes in climate due to changing 
atmospheric composition (IPCC-TGICA, 1999). While GCMs are proficient at 
simulating large-scale continental and hemispheric processes, they are unable to generate 
projections of future climate at the scale required for regional hydrological studies (Carter 
et al., 1994). Regionalization techniques are used to transfer the signal from large-scale 
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GCMs to a local scale climate in order to provide regionally representative input into a 
hydrological model (Wood et al., 1997). Results of hydrological simulations will provide 
a projection of the impacts of changing atmospheric composition on the hydrological 
regime in a southern Alberta catchment. 
 
1.2 Research Objectives 
 The principal objective of this thesis was to quantify the impact that changes in 
future climate on the hydrology of a small catchment with a diversity of land uses, 
topography, soils and thus hydrological processes. The impact of climate change on 
hydrology was investigated using the ACRU hydrological modelling system (Schulze, 
1995), which was run with five GCM-derived scenarios of future climate. This research 
was the initial step in a larger research project with the objective of modelling the 
impacts of climate change throughout the Oldman Basin. This research also provided the 
first application of the ACRU model in Canada. The results of the thesis were achieved 
through the completion of two primary sub-objectives.  
 The initial sub-objective was to parameterize the hydrological modelling system 
for a small catchment in the Oldman Basin. The majority of this research involved the 
application of a spatially distributed modelling approach by delineating hydrological 
response units. All climate, land use and soils data were spatially parameterized to reflect 
spatial and temporal accuracy of runoff in the catchment. Once the parameterization was 
complete, the modelling system was verified against streamflow observations to evaluate 
modelling accuracy. 
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 The second research sub-objective was to derive scenarios of future climate for 
the investigation of streamflow response to climate change. This objective involved the 
regionalization of large-scale GCM output to represent catchment-scale changes in 
climate. Five scenarios of future climate derived from GCMs were used to estimate the 
range of plausible future regional climate changes. Simulations of future hydrological 
conditions for the time periods 2020, 2050 and 2080 were compared to a baseline (1961-
1990) simulation to determine the net change of hydrological processes in the catchment. 
 
1.3 Thesis Structure 
 The organization of this thesis is presented as a sequence of five chapters that 
explain, in a journal paper format, the two major objectives of the thesis. Beginning with 
this chapter, the thesis topic and main objectives are introduced. The second chapter 
consists of a review of literature pertaining to the major concepts, methods and 
information required for the completion of this thesis. The literature reviewed covers the 
subjects of global climate change and the hydrological cycle, climate change and the 
western Prairie Provinces, hydrological modelling, climate scenario development and 
regionalization techniques.  
 The third chapter, and first journal paper, explains in detail the parameterization 
methods and verification results of the modelling system. The fourth chapter, and second 
journal paper, is an application of the parameterized modelling system to five scenarios 
of future climate. The results of the fourth chapter indicate the range of changes to future 
hydrology that could be expected in the study area. The final chapter provides a synthesis 
of the conclusions that can be drawn from this research. Also included in this chapter are 
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recommendations for future research directions. The format of this thesis required some 
repetition, as the two journal papers were written as stand-alone articles. 
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CHAPTER 2 
 
Literature Review 
 
2.1 Introduction 
 The scientific literature regarding the concepts and methods pertaining to the 
application of GCM-derived climate scenarios in a hydrological model for the 
investigation of the impacts of climate change on hydrology are reviewed in this chapter. 
The topics of global climate change and the hydrological cycle are explained, followed 
by a review of observations and projections of future climate and hydrology in southern 
Alberta. This information was reviewed to provide a background on the study of climate 
change and how deviations in climate may affect water availability in the study area. 
Also reviewed are hydrological modelling principles, relevant processes and the 
modelling system used in this thesis. This is followed by a description of the general 
circulation models, climate scenario selection and techniques for regional downscaling. 
The final section provides a summary of the topics reviewed. The references included in 
this chapter refer to key contributions in the science, which support the selection of the 
research questions, methods and techniques applied in this thesis. 
 
2.2 Climate Change   
2.2.1 Global Climate Change and the Hydrological Cycle 
 
 The most recent report by the Intergovernmental Panel on Climate Change 
(IPCC) made several conclusions based on climate change observations reported by 
recent scientific research (IPCC, 2007). The previous IPCC assessment in 2001 
concluded that a global surface warming of 0.6°C occurred between the years 1901 and 
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2000. The most recent 100-year linear trend (1906-2005) indicated an increase in global 
average temperature of 0.74°C, likely influenced by the record-breaking temperatures in 
11 of the last 12 years. Model projections indicate that global average temperature is 
likely to increase by 0.2°C (mean model projection) per decade over the next twenty 
years, and hydrological systems have been identified as one of the most vulnerable 
systems to increasing temperatures (IPCC, 2007). 
 A warmer atmosphere is capable of holding a greater amount of water vapor, and 
accordingly the link has been made between the projected increase in atmospheric 
temperature and a potential intensification of the hydrological cycle (Arnell, 1999; Held 
and Soden, 2000; IPCC, 2001; Douville et al., 2002). Recent observations of atmospheric 
water vapour have indicated an increase at the surface and in the upper troposphere since 
the 1980s (IPCC, 2007). The theoretical assumption of this change in the global 
hydrological cycle is that temperature enhanced evapotranspiration rates will increase the 
precipitable water in the atmosphere leading to increased global average precipitation 
(Loaiciga et al., 1996; Kundzewicz and Somlyody, 1997; Dore, 2005). However, it is a 
combination of atmospheric circulation, latitude, regional physiography, climatic and 
land use conditions that determine the regional hydrologic regime (Loaiciga et al., 1996). 
Thus the effect of warming on the hydrological cycle results in a regionally variable 
distribution of precipitation (Loaiciga et al., 1996; Andreasson et al., 2004). 
 There is considerable uncertainty about the impacts of climate change on 
hydrological processes at the regional and watershed scales (Loaiciga et al., 1996; Arnell, 
1999; IPCC, 2001; Douville et al., 2002). Observed global precipitation patterns have 
shown a reallocation of precipitation, indicating that dry areas have become drier and wet 
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areas are receiving more precipitation (Dore, 2005). It is anticipated that warming in the 
mid- and high – latitudes could affect soil moisture, groundwater levels and the timing of 
runoff due to the effects of increased temperatures on evapotranspiration and 
precipitation (Dore, 2005).  
 
 2.2.2 The Water Balance Equation    
 The linkage between the global hydrological cycle and regional scale processes 
poses a considerable challenge for hydrologists (Dingman, 2002). The water balance 
equation provides a quantitative means to evaluate hydrological regime of a region 
(Leavesley, 1994; Dingman, 2002). The quantification of runoff provides an indication of 
available water resources in a region (Dingman, 2002). 
 
                                              P + Gin – (Q +ET + Gout) = ∆S                                [Eq. 2.1] 
 
Where P is precipitation (liquid and solid), Gin is ground-water inflow (liquid), Q is 
stream outflow (liquid), ET is actual evapotranspiration (vapour), Gout is groundwater 
outflow (liquid) and ∆S is the change in storage (liquid and solid) (Dingman, 2002). The 
water balance equation is the common conceptual foundation of many hydrological 
models (Leavesley, 1994). This equation also forms a logical framework for the 
assessment of the impacts of climate change on water resources within a region. 
  
 
  
 9 
2.2.3 Climate Change and the Regional Hydrological Balance 
 The impact of climate change on freshwater resources in North America is 
expected to be regionally variable (Field et al., 2007). Consistent with their 1997 report 
on the regional impacts of climate change, the IPCC conclude, with very high confidence 
that warming will result in a reduction of snowpack and earlier release of snowmelt in 
western mountainous basins (Field et al., 2007). Similar conclusions were made by 
Barnett et al. (2005), who further illustrated that water availability in the Canadian 
Prairies will be compromised due to the effect of higher temperatures on snowpack 
accumulation, snowmelt and soil moisture. The changes in climate and the impact on 
hydrology in snowmelt-dominated regions, specifically the Canadian Prairies, have been 
examined in the climate and hydrologic records (e.g. Burn, 1994; Akinremi et al., 1999; 
Zhang et al., 2000, 2001a). Observed records of climate and hydrology illustrate the 
regional interactions between variables of the water balance and provide an estimate of 
potential future changes in the hydrological regime (Yue et al., 2001; Zhang et al., 
2001a). 
 
 2.2.4 Observations of Climate and Hydrology in Western Canada 
 2.2.4.1 Temperature 
In a recent analysis of historical climate observations, Schindler and Donahue 
(2006) concluded that the western Prairies have warmed between 1°C and 4°C since the 
turn of the 20th century. Gan (1998) found that, between the years of 1949 and 1989, four 
of the seven climate stations examined in southern Alberta showed a significant 
increasing trend (α=0.05) in the months between November and June. Warming trends 
 10 
over recent decades (1949-1989) were also found by Gan (1995) in the winter months 
throughout western Canada. The trends in the historical observations of temperature in 
the Prairies, and in particular the western Prairies, reveal that the climate is warming; less 
certain are the trends in precipitation and the concomitant effects on hydrology. 
 
2.2.4.2 Precipitation 
Mekis and Hogg (1999) and Zhang et al. (2000) both concluded that annual 
precipitation in Canada has increased over the 20th century. However, observations in the 
Prairie Provinces have not indicated a consistent direction in the precipitation trend. 
Akinremi et al. (1999) conclude that, between the years 1921-1995, precipitation in the 
Prairies has increased on average by 0.60mm/year. They note that the beginning of the 
time series may be influenced by the extreme drought between the years 1929-1938 
which would exaggerate the slope of the time series. Gan (1998) found that between the 
months of November to June (1949-1989), trends in monthly precipitation were scattered 
with some stations indicating decreasing trends in one or two months while other stations 
exhibited no trend (α=0.05). Climate observations in southern Alberta (Lethbridge) 
indicated that between the years 1909-2003 there was a reduction of 18.2% in total 
accumulated precipitation over the period (Schindler and Donahue, 2006). They also 
found that over half of the stations analyzed in the western Prairies exhibited between a 
14 and 24% total reduction in precipitation over the same 95-year period. 
Akinremi et al. (1999) determined that snow cover on the Prairies decreased 
significantly over the period 1961-1995. Akinremi et al. (2001) conclude that annual 
rainfall has increased by 16% (51mm) over the 40-year period between 1956 and 1995 
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and the number of rainfall events has increased by 29% annually. They also concluded 
that the largest increase in rainfall volume and number of events occurred between the 
months of January to April and speculated that this trend may be attributed to warming. 
The spatial distribution of the trends indicated that the western Prairies experienced the 
largest increase in both amount and number of events over the 40-year analysis. Brown 
and Goodison (1996) reconstructed snow cover for southern Canada and concluded that 
since 1970, winter and spring snow cover in the prairies has decreased. They further 
concluded that the decreases are within the range of natural variability.  
Both studies by Akinremi et al. (1999) and Brown and Goodison (1996) indicated 
trends of decreasing snow cover, yet the trends of annual precipitation volume are 
dissimilar. The disparity of the trends may be influenced by beginning the trend analysis 
during a period of drought as indicated by Akinremi et al. (1999) or conversely in a wet 
period. Also, large-scale, multi-decadal indices such as the Pacific North America and 
Pacific Decadal Oscillation have been shown to influence precipitation behaviour in 
western Canada (Brown and Goodison, 1996; Bonsal et al., 1999; Bonsal and Wheaton, 
2005). The spatial and temporal scales as well as the size of the samples are different and 
thus, conflicting results between studies are not necessarily illogical. 
 
2.2.4.3 Evapotranspiration and Soil Moisture 
Gan (1998) modelled evapotranspiration in the Canadian Prairies, over a 40-year 
period (1949-1989), and found decreasing trends of actual evapotranspiration. They 
concluded that this trend might be attributable to a reduction of soil moisture. In the 
months of April, May, July and August, potential evapotranspiration exceeded actual 
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evapotranspiration, illustrating the limiting effects of soil moisture in this region. The 
study also found that in Alberta, at 13 sites, mean annual evapotranspiration was 
350mm/year while mean annual precipitation was only 450mm/year, which illustrated the 
significance of evapotranspiration in the water balance of this region (Gan, 1998; 2000). 
In a recent study, Burn and Hesch (2007) concluded that in the southern Prairies, 
modelled lake evaporation decreased over the 30-year period predating the year 2000, 
and indicated that wind speed had a greater effect on the trends than vapour pressure 
deficit.  Overall, the studies of Burn and Hesch (2007) and Gan (1998) illustrate that 
evapotranspiration plays a complex role in the water balance of the Prairies and is 
influenced by regional changes in climate and the availability of moisture. 
 
2.2.4.4 Hydrology 
Several studies have indicated that, over recent decades, streamflow has declined 
in several western Canadian waterways (Westmacott and Burn, 1997; Gan, 1998; Zhang 
et al., 2001a; Burn and Hag Elnur, 2002). Rood et al. (2005) examined streamflow 
observations in western North America and concluded that 21 of 26 river systems in the 
province of Alberta exhibited negative trends in discharge over the past century, a mean 
annual reduction of 0.22% per year. Zhang et al. (2001a) also found declining trends in 
annual streamflow in southern Alberta between the years 1947-1996. They postulate that 
the trends in southern Alberta as well as declining trends observed throughout southern 
Canada were attributed to warming and the associated increase in evaporation. 
Correlations of temperature and streamflow records in the Prairies led Westmacott and 
 13 
Burn (1997) to conclude that southern Alberta is an area of concern for future declines in 
streamflow. 
The effects of increased temperatures have also influenced the timing of 
hydrological response. Burn and Hag Elnur (2002) found that maximum flows in April 
exhibited an increasing trend and October flows showed a decreasing trend (1969-1997) 
in southern Canadian rivers. Burn (1994) studied the peak runoff events in western 
Canada and concluded that the onset of the freshet is occurring earlier in recent years and 
that this trend is likely attributable to climate change. The historical record of the Bow 
River in southern Alberta has the longest peak streamflow data set in Alberta (beginning 
in the early 1900’s). The advancement of the peak spring snowmelt date on the Bow 
River was found to have an inverse relationship with the temperature record suggesting 
that the timing of the peak flood events in the Bow River may be related to air 
temperature. In the southwestern portion of the Prairies, Zhang et al. (2001a) found 
similar positive trends in streamflow for the month of March (1947-1996).  
 These trends in the climate indicate that the Prairies have experienced warming 
throughout the most recent century (Gan 1995; Gan 1998; Schindler and Donahue, 2006). 
The trends in precipitation volume are difficult to compare due to the variable lengths of 
observed records. However, the change in precipitation from snow to rain, particularly in 
the winter and spring months is more consistent in the available literature (Brown and 
Goodison, 1996; Akinremi et al., 1999; Akinremi et al., 2001). Studies of evaporation 
trends indicated that changes in climate variables have a considerable impact on the 
evapotranspiration rate and play a major role in the water balance of this region (Gan 
1998; Burn and Hesch, 2007). Hydrometric records have revealed decreasing trends in 
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annual flow volumes in western Prairie rivers (Rood et al., 2005; Schindler and Donahue, 
2006), while a change in the seasonal variability of streamflow has been linked to surface 
air temperatures (Burn 1994; Zhang et al., 2001a).  
 Overall, the trends in the current body of research indicate that warming has an 
impact on the water balance in this region. While the trends are difficult to interpret, they 
illustrate the potential for climate change to have a significant impact on water 
availability in this region. To examine the impact of future climate change on Prairie 
climate and future water availability, studies have used data from GCMs to establish the 
projected future impacts on climate and water resources. 
 
 2.2.5 Future Trends in Climate  
Modelled projections of climate change indicate that temperatures in the interior 
plains of southern Canada will experience the greatest warming (Boer et al., 2000). 
Verification studies of GCMs in simulating present climate (1961-1990) have indicated 
considerable variation between the GCMs at simulating seasonal temperature and 
precipitation over the western cordillera of Canada (Bonsal et al., 2003). To account for 
the large variability of climate projections for the province of Alberta, Barrow and Yu 
(2005) examined the range of GCM projections assuming that all model projections were 
equally uncertain. They concluded that warming by as much as 3°C to 5°C could occur 
by the 2050s (2040-2069). The projections for future precipitation are less certain in the 
direction and magnitude of change, as the modelled range extends from -10% to +15% 
over the 2050 period. The impact of these changes on other components of the water 
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balance is a critical link to understanding the implications for future water availability in 
this region. 
 
2.2.6 Physiological Response of Vegetation 
In addition to radiative forcing, changing plant physiology associated with 
elevated CO2 concentrations could have an impact on the climate system (Betts et al., 
2000, 2007; Forster et al., 2007). Enhanced atmospheric CO2 concentrations are 
associated with an increase in stomatal conductance and a corresponding suppression of 
transpiration in plants (Drake et al., 1997; Schulze and Perks, 2003). This has been 
shown to increase water use efficiency in plants resulting in less demand on soil water 
storages (Drake et al., 1997; Betts et al., 2007). The effect of enhanced CO2 
concentrations on the water consumption of vegetation is an important feedback in the 
assessment of the future regional water balance, and remains a key uncertainty in the 
interpretation of hydrological impact studies. 
 
2.2.7 Potential Impacts for Water Availability 
It is expected that climate change will affect the regional water balance through 
changes in the timing, form and volume of precipitation, rate of evapotranspiration and 
volume of soil moisture (Regonda et al., 2005; Dore, 2005; Merritt et al., 2006). A focus 
of recent research has been on mountainous basins and semi-arid regions, as water 
availability in these areas is expected to be vulnerable to climate change (IPCC, 1997). A 
significant portion of the surface water resources in the Oldman Basin are generated from 
snowmelt originating in the eastern slopes of the Rocky Mountains. 
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The effects of warming on mountainous regions are well documented (Mote, 
2003; Barnett et al., 2005; Regonda et al., 2005; Stewart et al., 2005). In western North 
America, 75% of monitored climate stations report a decline in snow water equivalent 
(Solomon et al., 2007).  The impacts of warming on snowpack accumulation are more 
sensitive in temperate, lower elevation ranges where the freezing line is in close 
association with altitude (Solomon et al., 2007). Lapp et al. (2005) concluded that, in 
scenarios of future climate, the most dramatic reductions in snowpack occurred at lower 
elevations in the mountain headwaters of the Oldman Basin. Therefore, it is plausible that 
changes in snowpack accumulation may also affect prairie catchments, particularly those 
with montane headwaters. In comparison with rainfall, snow is less susceptible to being 
sublimated and thus is an effective source for soil and ground water recharge (Dingman, 
2002). Research in the eastern slopes of the Rocky Mountains indicated that due to higher 
winter temperatures, the projected increases in winter precipitation (Lapp et al., 2002) 
would not compensate for the decline in winter snowpack and that this may culminate in 
a decline in surface water supply in the Oldman Basin (Lapp et al., 2005). 
Nemec and Schaake (1982) evaluated the effect of perturbed climate variables on 
runoff and found that arid climates were sensitive to changes in temperature and 
precipitation. Elevated temperatures are assumed to increase the rate of 
evapotranspiration (Middelkoop et al., 2001). This may hold true for potential 
evapotranspiration, which is determined by the atmospheric demand. However, actual 
evapotranspiration, particularly in arid regions, is regulated by the availability of soil 
moisture (Dingman, 2002).  
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Despite expected increases in future precipitation, Sauchyn et al. (2000) projected 
increasing aridity in the Canadian Plains due to higher potential evapotranspiration. Soil 
moisture in the Prairies is an effective indicator of changes in surface hydrology and is 
important for evaluating the vulnerability of the Prairies to climate change (McGinn et 
al., 2001). Using a climate change scenario, which projected warming with no increase in 
precipitation, McGinn et al. (2001) modelled soil moisture in the province of Alberta and 
found a reduction of 10% relative to baseline conditions.  
 
 2.2.8 Synthesis 
  The trends in the observed records and the projections from GCMs illustrate the 
potential for climate change to cause a decrease in water availability in the Prairie 
Provinces, and southern Alberta in particular. It is beneficial to examine the trends in the 
observations of climate variables and streamflow as they illustrate the general 
hydrological behaviour of a region (Dingman, 2002). However, observations cannot 
account for future changes in atmospheric composition. Projections of future 
hydrological conditions based on scenarios from GCMs provide an indication of the 
future response to climate change (IPCC-TGCIA, 1998). However, the scale and 
uncertainty of these models is simply too large to project changes in future hydrological 
processes at the regional and local scales (Loaiciga et al., 1996; Kundzewicz and 
Somlyody, 1997; Dingman, 2002). 
 Predicting future water availability requires the quantification of runoff at the 
watershed scale (Dingman, 2002). The hydrology of arid and semi-arid regions has a 
higher sensitivity to changes in climate because the ratio of precipitation to runoff is 
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lower relative to humid climates (Wigley and Jones, 1985). The temporal variability of 
precipitation in a semi-arid climate emphasizes the importance of soil and groundwater 
storages. These non-linear interactions between the regional water balance components 
increase the complexity in quantifying water balance processes (Beven, 2001; Bronstert 
et al., 2002). The sensitivities and complex interactions between the variables of the 
water balance can be more accurately quantified by modelling the processes of the 
regional water balance.  
 
2.3 Hydrological Modelling 
 Within the context of hydrology, modelling can be used to conceptualize the 
physical processes of the hydrological cycle (Dooge, 1992; Viessman and Lewis, 2003). 
Hydrological models are integral to hydrological sciences as they are an effective means 
to 1. understand complex hydrological process and their inter-behavior, 2. quantify 
hydrological processes that are otherwise difficult to monitor, 3. extend hydrological 
science to ungauged catchments and 4. assess future hydrological change (Beven, 2002). 
Of particular importance, hydrological models provide a quantitative framework to assess 
the interaction between hydrology and climate (Leavesley, 1994). Scenarios of future 
climate change can be simulated by hydrological models to examine the effects of future 
climate on the hydrological regime (Xu, 1999b). 
 
 2.3.1 Classification of Hydrological Models  
 Hydrological models can be classified according to their structure (i.e. simulation 
basis), spatial and temporal scales (Leavesley, 1994; Dingman, 2002). The modelling 
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approach is a major consideration in the applicability of a hydrological model to a 
research problem. Several classifications of models have been applied to water resources 
research, each with a specific approach to the mathematical representation of 
hydrological processes. 
  
 2.3.1.1 Conceptual Models 
  Conceptual models use simplified, a priori relationships of physical processes to 
represent the interactions in the hydrological cycle (Leavesley, 1994; Dingman, 2002). 
The parameterization of these models typically requires calibration using observed data 
and can be difficult to obtain for complex catchments (Boyle et al., 2001). The 
calibration process often requires lengthy observed records, therefore, limiting their 
transferability to many catchments (Abbott et al., 1986). Furthermore, it is possible to 
achieve a reasonable simulation of the observed hydrograph while misrepresenting the 
actual hydrological processes that govern the catchment (Gan et al., 1997). While 
conceptual models have proven successful in verification studies of streamflow 
observations, their parameters are not necessarily directly related to the physical 
characteristics of the catchment (Refsgaard and Knudsen, 1996). Consequently, the utility 
of such a model in climate change studies is limited due to a significant amount of 
uncertainty with respect to the interaction of model inputs. A solution to this problem 
would be to ensure that all conceptually described processes are explicitly represented as 
physical processes (Schulze, 1995). 
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 2.3.1.2 Empirical Models 
 Empirical hydrological models, such as those based on linear regression, use 
relationships between observed data sets (Leavesley, 1994; Dingman, 2002). The 
mathematical representation of the hydrological system in empirical models is based on 
experimental data and thus is highly dependent on data for calibration (Viessman and 
Lewis, 2003). They also do not consider the physical processes and laws that govern the 
processes of the hydrological cycle (Leavesley, 1994). Therefore, the transferability and 
applicability of these models to future climate conditions is constrained by the conditions 
of the investigated catchment at the time they were developed (Leavesley, 1994). 
 
2.3.1.3 Physically-Based Models 
 The final major type of hydrological model is physically-based or process-based, 
which quantify processes of the hydrological cycle through the application of the physical 
laws of hydrology (Leavesley, 1994; Dingman, 2002). The parameters of physically 
based models represent physical catchment characteristics such as topography, soils, 
vegetation and geology (Refsgaard and Knudsen, 1996).  The advent of the physically-
based approach to hydrological modelling was in response to the need for modelling in 
complex catchments and transferability of these models to similar catchments without 
prior gauging (Todini, 1988). These models are designed to overcome the deficiencies of 
other modelling approaches (Abbott et al., 1986).  
 Physically-based models have the highest requirements for input data, limiting 
their application to basins with available physiographical and hydroclimatical data 
(Leavesley, 1994; Liu and Todini, 2002; Romero et al., 2002). Physically-based models 
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are well suited to climate change impact studies as they capture the interaction of key 
climate variables with the physiography of the catchment (Liu and Todini, 2002). 
Through mathematical representations of interception, infiltration, soil-water 
redistribution, evaporation, transpiration, snowmelt, surface, subsurface and groundwater 
flows, these models capture the nonlinear transformation of precipitation to streamflow 
(Leavesley, 1994). 
 
2.3.2 Spatial Representation of Hydrological Processes 
 Major challenges in hydrological simulation stem from the non-linear responses 
influenced by antecedent conditions and spatially heterogeneous topography, land cover, 
soils and the stochastic nature of precipitation (Beven, 2001). Watershed processes can be 
represented as a single homogenized unit in a lumped hydrological model. The spatially 
distributed behaviour of precipitation and heterogeneous catchment processes may limit 
the application of lumped models in complex catchments (Kite and Kouwen, 1992). 
Distributed hydrological modelling provides a means to capture the spatial variability 
within a catchment by dividing the catchment into smaller units (Kaleris et al., 2001; 
Dingman, 2002). By increasing the spatial representation of catchment processes, both 
the understanding of catchment dynamics and simulation accuracy are improved (Boyle 
et al., 2001).  
 Distributed hydrological modelling can be approached by subdividing the 
catchment into units of homogenous hydrological response. Hydrological response units 
(HRUs) represent areas of soils, topography and vegetation that have a homogeneous 
hydrological response to precipitation (Limaye et al., 1996; Beven, 2002). Several studies 
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have used GIS modelling techniques to delineate HRUs (Flugel, 1997; Arnold et al., 
1998), establishing the fundamental units for spatial distribution of hydrological 
processes within the catchment. 
  The application of process-based, distributed hydrological models is well suited 
to studying the hydrological response to a changing environment (Bitfu and Gan, 2001). 
While the intensive data inputs and detailed parameterization of sub-grid processes have 
been criticized (Beven, 1989; 1996), the distributed nature of physical processes is 
required for simulation of non-stationary conditions (e.g. climate change) in complex 
catchments (Refsgaard et al., 1996). Furthermore, the assessment of future climate 
changes in water availability requires a hydrological model capable of simulating the 
spatial and temporal interactions of precipitation (rainfall and snowmelt), topography and 
soil storage (Gleick, 1986). 
 
 2.3.3 The ACRU Agro-hydrological Modelling System 
 The ACRU agro-hydrological modelling system was developed by the 
Department of Agricultural Engineering (now the School of Bioresources Engineering 
and Environmental Hydrology) at the University of KwaZulu-Natal, Republic of South 
Africa, in the late 1970s, and has since been revised and updated for more extensive 
applications. The ACRU model is a physical-conceptual, multi-purpose, multi-level, 
model that can simulate total evaporation, soil water and reservoir storages, land cover 
and abstraction impacts on water resources, and streamflow at a daily time step (Schulze, 
1995; Smithers and Schulze, 1995). The most recent version of the ACRU model (V. 
334) includes the simulation of rain and snow precipitation to broaden the application of 
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the ACRU model to environments where snowmelt is a major contributor to local 
hydrology. 
 
 2.3.3.1 Theoretical Principles of ACRU 
 The structure of the ACRU model is conceptual in that it theorizes the processes 
that govern the hydrological cycle, and is physical in that the physical laws of hydrology 
are mathematically represented within the conceptual framework (Schulze, 1995). The 
ACRU model is based upon a multi-layer soil water budget with specific variables 
governing the atmosphere-plant-soil water interfaces. The current version of ACRU 
simulates the principal hydrological processes of rain and snow interception, infiltration, 
snowpack accumulation and soil water storages, unsaturated and saturated soil water 
redistribution, total evaporation (a daily summation of snow sublimation, plant 
transpiration from rooting zone (s) and evaporation from the soil surface) and temporally 
discrete runoff generation. 
 The spatial representation of precipitation, soils and land cover is facilitated by 
operating ACRU as a distributed model, where the modelled catchment is subdivided into 
either subcatchments or HRUs. Precipitation, the most important and sensitive input 
(Schulze, 1995), can be distributed spatially by interpolating values using surfacing 
techniques in a GIS. 
  
 2.3.3.2 Physical Processes of the ACRU Model  
The ACRU model applies a generalized daily water budget approach and 
considers the spatially and temporally variable response of hydrological processes within 
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the watershed. Daily precipitation events are assessed for each HRU individually, 
beginning with initial abstractions by canopy interception and stormflow (runoff) 
production. The resulting volume can be conceptualized as the net daily precipitation 
available for infiltration or runoff.  
 The snow routine, recently adapted into the latest version of ACRU, follows a 
water retention concept where the storage capacity of liquid water in the snowpack 
regulates the quantity and timing of water release from the snow storages. The 
physically-based sub-modules consider the form of precipitation, i.e. rain versus snow, 
evaporation, snowpack accumulation, metamorphosis and melt. The form of precipitation 
is determined by a curvilinear calibration method of local observations, which include 
two principal variables: the threshold mean daily temperature where 50% of the 
precipitation occurs as snow, and the range of temperatures within which mixed 
precipitation occurs. 
 On a daily basis, snow accumulation, snowmelt, sublimation and snow density are 
calculated. Snowmelt is defaulted to initiate above the 0°C threshold temperature. The 
rate of melt is increased after rain-on-snow events, when maximum compaction is 
achieved or when the retention capacity of free water in the snowpack is met. 
Alternatively, the rate is decreased under forested canopies to account for slower ablation 
dynamics in the forested environment. Water is released from the snow cover based on 
the threshold maximum retention capacity for liquid water in the snowpack. 
The ACRU method for runoff production is divided into rapid and delayed flows 
and is labeled stormflow for ease of explanation. The estimation of stormflow depth is 
adapted from the Soil Conservation Service (SCS) method (United States Department of 
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Agriculture, 1985) which relates runoff potential to the soils relative wetness. Stormflow 
is generated if net daily precipitation (gross precipitation minus interception loss) exceeds 
the daily soil water deficit for stormflow production. The deficit is the difference between 
the soil water content at porosity and the volume of water in the soil column of the 
critical depth for runoff production (Schulze, 1995). 
This depth is estimated from recommended values in the user documentation, and 
often the first approximation is defaulted to the depth of the A-horizon. These values are 
estimated from a matrix of the dominant runoff producing mechanism of the HRU 
(subcatchment) and consider climate, soil properties and vegetation density. The 
apportionment of stormflow between same day response and delayed stormflow 
(interflow) is controlled by the interflow potential of the HRU, and is quantified by the 
stormflow response coefficient. This is based on the soil and slope characteristics of the 
HRU/subcatchment (Schulze, 1995). 
Soil water redistribution is categorized as saturated or unsaturated soil water 
movement. After infiltration, soil water in a soil horizon in excess of the field capacity 
percolates downward at the saturated rate determined by the soils wetness and texture. 
The rate of unsaturated soil water movement is determined by the wetness of the 
surrounding soil horizons. If the water volume in the subsoil store exceeds the field 
capacity, it is allocated to the groundwater store. Baseflows are generated from the 
groundwater store at an exponentially declining rate, which can be estimated from 
streamflow recession analysis. 
The ACRU total evaporation method involves the application of a 
meteorologically determined reference potential evaporation with empirically-derived 
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crop coefficients (Doorenbruis and Pruit, 1977) to approximate the daily water used by 
the vegetation. Daily potential reference evaporation is determined by the application of 
one of the several available reference evaporation methods ranging from the United 
States Weather Bureau Class A evaporation pan, to physically-based methods such as the 
Penman equation (Penman, 1948). Due to the availability of A-pan data in South Africa, 
the ACRU model uses the A-pan as the reference evaporation to which all other methods 
are internally adjusted.  
ACRU partitions daily evaporation and transpiration relative to the vegetations 
phenology (i.e. biomass) expressed by the LAI. The apportionment of transpiration 
between soil horizons is controlled by the root mass distribution between the respective 
horizons. Soil water in excess of the permanent wilting point is considered available for 
transpiration by plants. Evaporation of snow is estimated from both intercepted snow and 
snow which reaches the ground (throughfall). 
  
2.3.3.3 ACRU and Climate Change  
As the model was designed to be highly responsive to changes in land use and 
climate it is well suited to climate change impact studies (Schulze and Smithers, 2000). 
When accurately calibrated and verified, the ACRU model was capable of simulating all 
the elements of the hydrological cycle, and thereby establishing the fundamental basis for 
hydrologic impact studies (Schulze and Perks, 2003).  
ACRU has been used extensively in South Africa for water resource assessments 
(Everson, 2001; Kienzle et al., 1997; Schulze et al., 2004), flood estimation (Smithers et 
al., 1997; 2001), land use impacts (Kienzle and Schulze, 1991; Tarboton and Schulze, 
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1993), nutrient loading (Mtetwa et al., 2003) and irrigation supply (Dent, 1988). The 
ACRU model was applied by Schulze and Perks (2003) to investigate the impacts of 
climate change impacts on hydrology and water resources in South Africa. They utilized 
scenarios of future climate to drive the ACRU model to make projections of future 
hydrological conditions and availability of water resources. 
 
2.4 Climate Scenario Development 
 2.4.1 Climate Scenarios   
 The assessment of the regional impacts of climate change requires the use of 
climate scenarios (IPCC-TGCIA, 1999). Climate scenarios are considered plausible 
representations of the impact that future greenhouse gas concentrations will have on the 
climate (Carter et al., 1994; Mearns et al., 2001,). The climate scenarios themselves have 
a large impact on the outcome of the impact study (Wood et al., 1997). 
 Impact assessments make use of three main types of climate scenarios; 
incremental, analogue and those derived from GCMs (Feenstra et al., 1998; Hulme et al., 
1999; IPCC-TGCIA, 1999). Incremental (synthetic or arbitrary) scenarios apply 
incremental changes in meteorological variables and are typically combined with 
observation over a baseline period (Feenstra et al., 1998; IPCC-TGCIA, 1999). 
Incremental scenarios are typically applied in sensitivity and threshold analyses however 
these scenarios can be potentially unrealistic as they may not produce physically 
reasonable estimates of future climate (Mearns et al., 2001).  
 Analogue scenarios make use of observed historical data (e.g. paleoclimatic) as a 
scenario for future climate (Feenstra et al., 1998; IPCC-TGCIA, 1999). However, 
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scenarios based on relationships in the historical period may not necessarily reflect 
changes associated with greenhouse gas forcing of the future climate (IPCC-TGCIA, 
1999, Mearns et al., 2001). More common are the application of scenarios derived from 
climate models, in particular general circulation models (GCMs), as they simulate the 
climatic response to changing greenhouse gas concentrations (Feenstra et al., 1998; 
IPCC-TGCIA, 1999; Mearns et al., 2001).  
  
 2.4.2 General Circulation Model Scenarios 
 The impacts of climate change on regional hydrology are most commonly 
assessed by combining the output from GCMs with a physically-based hydrological 
model (Gleick, 1986; Xu, 1999a; Loukas et al., 2002). Coupled, atmosphere-ocean 
GCMs are a highly complex, mathematical representation of atmosphere, ocean, ice cap, 
and land surface processes based on physical laws and physically-based empirical 
relationships (IPCC, 1997; Feenstra et al., 1998; Mearns et al., 2001). Presently, GCMs 
are the most advanced tool for evaluating the changes in climate associated with 
changing concentrations of atmospheric gasses (IPCC-TGCIA, 1999; Xu, 1999a; Mearns 
et al., 2001; Meehl et al., 2007).  
  
 2.4.2.1 Climate Change Experiments 
 Previous modelling of global climate by GCMs applied equilibrium-response 
experiments where an abrupt doubling of atmospheric CO2 was used to simulate the 
response of the climate to elevated greenhouse gas concentrations (Carter et al., 1994; 
IPCC-TGCIA, 1999). These experiments have since been replaced by transient 
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experiments, which simulate the dynamic processes, both spatially and temporally, of 
heat and moisture exchange from the ocean to the atmosphere. This simulates a more 
realistic lag between changing atmospheric composition and climate (Feenstra et al., 
1998; IPCC-TGCIA, 1999; Mearns et al., 2001).  
 In recognition of the gradual increase of greenhouse gas and aerosol 
concentrations in the atmosphere over the industrial period, warm start experiments 
simulate the historical evolution of atmospheric composition (IPCC-TGCIA, 1999; 
Mearns et al., 2001). The current simulations of future climate change are determined by 
socio-economic experiments, which represent plausible future changes in human 
economic behaviour, specifically the projected future greenhouse gas and aerosol 
emissions and land cover change (IPCC-TGCIA, 1999; Mearns et al., 2001). 
 The IPCC generated a group of emissions scenarios (SRES) (Nakicenovic et al., 
2000) to represent future demographic, politico-economic, societal and technological 
changes (IPCC-TGCIA, 1999; Mearns et al., 2001; Barrow and Yu, 2005). The SRES 
emissions scenarios are grouped into four families representing the principal driving 
focus; these being either global or regional and environmental or economic (Nakicenovic 
et al., 2000). Six illustrative scenarios (marker scenarios) have been chosen to represent 
equally plausible future anthropogenic behaviour (Nakicenovic et al., 2000). These 
scenarios of future greenhouse gas and aerosol emissions determine the radiative forcing 
on the energy balance of the Earth-atmosphere-ocean system and thus, through their 
application in GCMs, determine the effects on global climate (Nakicenovic et al., 2000; 
Barrow and Yu, 2005).  
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 2.4.3 Regionalisation Techniques 
 While GCMs are proficient at simulating upper level circulation on a global or 
continental scale (von Storch et al., 1993), they are often inaccurate at simulating 
regional climate (Wood et al., 1997). The most practical application of climate scenarios 
would be to use raw GCM output in a hydrological model (Xu, 1999a). However, the 
large areal coverage of GCMs, typically between 250 x 250 km and 600 x 600km per 
gridcell (IPCC-TGICA, 1999), are not well suited to the needs of impact modelling 
(Cohen, 1990; Von Storch et al., 1993; Epstein and Ramirez, 1994; Xu, 1999a; Xu 
1999b; Hay et al., 2000; Mearns et al., 2001). Factors influencing the regional accuracy 
of GCMs include the size of the region, location and the variables required (IPCC-
TGICA, 1999).  
 Several techniques have been developed to resolve the disparity of scales between 
GCMs and the needs of impact modelling commonly referred to as the process of 
“downscaling” or “regionalisation” (Giorgi and Mearns, 1991; IPCC-TGICA, 1999). 
Regionalization techniques commonly used in hydrological assessments of climate 
change impacts include statistical downscaling, dynamic downscaling and perturbation 
methods (Xu, 1999b).  
  
 2.4.3.1 Statistical and Dynamic Downscaling 
 Statistical downscaling refers to the empirical process of correlating synoptic 
scale GCM outputs to local climate observations (Xu, 1999b; Hay et al., 2000). Dynamic 
downscaling is an alternative method, which uses higher resolution, limited-area models 
or regional climate models driven by the boundary conditions of the GCM (Wood et al., 
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1997; Xu, 1999b). Wilby et al. (1999) conclude that statistical downscaling is 
advantageous compared to dynamic downscaling as it is considerably less 
computationally intensive, and higher resolution (point) climate records can be obtained. 
The dynamic method still results in resolution, which may not be sufficient for 
hydrological applications and may require further downscaling (Xu, 1999b). The final, 
and most simplistic, method involves the construction of change fields that represent the 
difference (or ratio) between the control simulation (1961-1990) of the GCM and that of 
a future period (Wood et al., 1997).  
  
 2.4.3.2 The Delta Method 
 The delta method involves constructing a perturbed climate record by applying 
monthly change fields derived from GCM output, to an observed climate record (Wood et 
al., 1997; Xu, 1999a). These change fields reflect the difference between future climate 
projection from the GCM and the baseline simulation. The assumption of this method is 
that the GCM is more effective at capturing the relative signal of climate change and not 
the absolute changes in future climate (Hay et al., 2000).  For the simulation of future 
precipitation it does not allow for any change in future variability (i.e. number of 
raindays) (Andreasson et al., 2004). However, this method is advantageous as the 
monthly mean of the observations are perturbed, while preserving the local and regional 
variability of the climate station (Leavesley, 1994; Hamlet and Lettenmaier, 1999; 
Loukas et al., 2004).  
 In a comparison of statistical downscaling and the delta technique in mountainous 
catchments, Hay et al., (2000) concluded that both methods exhibit similar seasonal 
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trends (precipitation and temperature) but the delta method resulted in more conservative 
simulations of future runoff. Hamlet and Lettenmaier (1999) elected to use the delta 
technique in a hydrological simulation of the Columbia Basin as they concluded that 
neither statistical nor dynamical downscaling were able to resolve decadal and inter-
annual climate variability. Although the most simplistic, the delta method has been 
applied in several recent climate change impact assessments on hydrology involving a 
physically-based hydrological model (Morrison et al., 2002; Miller et al., 2003; Schulze 
and Perks, 2003; Andreasson et al., 2004; Cohen et al., 2006; Merritt et al., 2006; Belatos 
et al., 2006). 
 
2.5 Summary 
 The simulation of climate change impacts on regional hydrology requires a broad 
range of knowledge on the pertinent scientific principals and methods employed in past 
and present research.  A fundamental understanding of the impacts of climate change on 
hydrology, and the current trends in the climate and hydrological regime of the southern 
Alberta are required for the selection of methods and techniques used to construct the 
scenarios and simulate the regional hydrology. Furthermore, a thorough understanding of 
the physical processes simulated by the hydrological model and techniques of scenario 
development qualify the assumptions and limitations of the method, making the 
interpretation of the results all the more robust. 
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CHAPTER 3 
Parameterization and verification of the ACRU hydrological modelling 
system for a catchment in southern Alberta, Canada 
 
3.1 Introduction  
Changes in global climate could have serious implications for ecosystems and 
societies due to increased variability of regional water supply (Gleick, 1986; Xu, 1999b). 
Concerns for water supply in Alberta, Canada, have grown in importance due to the 
increased demands from a rapidly growing population and economy, and the threat of 
increased climate variability in the near future (AENV, 2003). Trends observed in the 
hydrometric records over the last century have indicated declining annual, and 
specifically summer season, flows in rivers reaching east of the Rocky Mountains (Rood 
et al., 2005; Schindler and Donahue, 2006). These trends illustrate the necessity for the 
quantification of hydrology in this region and, in particular, the investigation of the 
impacts that climate change will have on regional water availability. Hydrological 
modelling offers a means to conceptualize the interaction between climate and hydrology 
and quantify the impacts of climate change on water resources within a region 
(Leavesley, 1994; Xu, 1999a). 
The Oldman River Basin is the largest watershed in southern Alberta and is a 
tributary to the South Saskatchewan Basin. Across the basin there is a distinct eastward 
transition of ecozones, from alpine and subalpine headwaters, to montane foothills and 
semi-arid grasslands (Byrne et al., 1989). A significant portion of the runoff volume in 
the Oldman Basin is derived from alpine snowpack (Byrne et al., 1999; Rock and Mayer, 
2006), and several studies have modelled the impacts of climate change on snowpack in 
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the alpine headwater regions and indicated that changes in climate may have a negative 
impact on water resources (Byrne et al., 1999; Lapp et al., 2005). Downstream of the 
mountain headwaters, lotic systems driven by both snowmelt and rainfall events (hybrid) 
in the montane region are an important source of water for local livestock and wildlife, 
and are vital to the health of riparian areas and aquatic ecosystems (Elias, 1999). A 
complete understanding of the hydrological processes in the Oldman Basin is essential 
for determining water supply considering the unknown future supply and demand (Rock 
and Mayer, 2006). 
Hydrological simulation, in catchments with diverse physiography, is 
conceptually challenging due to the variation of hydrological response with 
heterogeneous land cover, soils and topography (Beven and Kirkby, 1979; Beven, 1989). 
Physically-based, distributed hydrological models offer a mathematical conceptualization 
of the hydrologic cycle and provide a means to assess the impacts of climate change on 
the hydrological processes within a basin (Bathurst et al., 2004). Physically-based models 
simulate the nonlinear transformation of precipitation to streamflow through 
mathematical representations of interception, infiltration, soil-water redistribution, 
evapotranspiration, snowmelt, surface, subsurface and ground water flow processes (Xu, 
1999b).  These models are suited to climate change impact studies because they can 
simulate the response of hydrology to a range of un-stationary conditions (Bitfu and Gan, 
2001). 
The accuracy of hydrological simulation is dependent on input data and resolution 
of the physical characteristics of the catchment (Daly et al., 1994; Schulze, 1995; Beven, 
2002). Distributed hydrological modelling captures the spatial variation of hydrological 
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processes and facilitates simulations in mountainous watersheds (Gurtz et al., 1999). The 
emphasis of spatial techniques in the parameterization of model inputs has been shown to 
increase the accuracy of spatially distributed hydrological simulations (Nurmohamed et 
al., 2006).  Geographic Information Systems (GIS) have been used to facilitate the 
parameterization of distributed models in catchments with complex terrain (Kienzle et 
al., 1997; Nurmohamed et al., 2006). Spatial interpolation techniques are a common 
method to estimate areal precipitation from irregularly spaced rainfall gauges and provide 
the most important input for distributed hydrological modelling (Tabios and Salas, 1985; 
Dirks et al., 1998). 
Previous assessments of climate change impacts have integrated the catchment-
scale accuracy of hydrological models with downscaled projections of future climate 
from large-scale, global climate models (Gleick, 1986; Loukas et al., 2002; Morrison et 
al., 2002; Schulze and Perks, 2003; Toth et al., 2006; Nurmohamed et al., 2007). These 
simulations provide a scientific means of examining the effects of changing atmospheric 
composition on hydrology and water resources (Gleick, 1986; Xu, 2005). The predicative 
ability of this technique is largely dependent on the accuracy of the hydrological model in 
reproducing observed streamflows (Bathurst et al., 2004). A model suitable in structure 
and complexity is needed for the simulation of hydrology in a catchment with spatially 
heterogeneous physiography and hydrological processes found within the montane and 
grassland regions of the Oldman Basin. 
The ACRU agro-hydrological model (Schulze, 1995) is applied in this study as it 
is capable of simulating all elements of the regional water balance with a focus on soil 
moisture and evapotranspiration routines. The ACRU model has been used extensively in 
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climate change impact studies (Schulze et al., 2000; Schulze et al., 2004; Schulze and 
Perks, 2003) and hydrological assessments (Kienzle and Schulze, 1991; Kienzle et al., 
1997; Everson, 2001). The daily water budget implemented by the ACRU model is well 
suited to assessing the impacts of climate change on the hydrological processes in a 
hybrid, tributary catchment to the Oldman River Basin. Parameterization and verification 
of the ACRU model for the spatially heterogeneous hydrological processes in the 
catchment will provide a simulation tool for the assessment of climate change impacts on 
water supply. 
 
3.2 Objectives 
 The first objective of this study was to parameterize the ACRU modelling system 
for a single catchment in the Oldman River Basin using available climate, land use and 
soils data. The second objective was to verify the accuracy of the simulation by 
comparing the simulated streamflows with historical observations. The modelling 
performance was evaluated to determine if the accuracy obtained was sufficient to apply 
this parameterization to scenarios of a perturbed climate. This was the preliminary step in 
establishing the foundation for a streamflow sensitivity assessment of future climate 
scenarios.  
 The following sections describe the characteristics of the study catchment, explain 
the key concepts of the ACRU modelling system and outline the parameterization of 
major contributing input variables into the ACRU model. This is followed by a 
description of the results and analysis of modelling performance in the study catchment 
over the verification period. 
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3.3 Methods 
 3.3.1 Study Area 
The Beaver Creek study catchment, centered at 49° 44’N, 113° 52’W, is a 
tributary of the Oldman River (Figure 3.1), a major headwater to the South Saskatchewan 
River Basin. The creek is maintained by perennial flow with a bimodal hydrograph 
indicating the influence of both snowmelt and rainfall processes (Water Survey of 
Canada, 2007), and is classified as a hybrid stream. The Beaver Creek catchment has two 
ungauged, ephemeral tributaries (Five Mile Creek and Nine Mile Creek), both originate 
on the west-facing slopes of the catchment (Figure 3.1). The headwaters stem from the 
higher elevation slopes of the Porcupine Hills, east of the Front Range of the Rocky 
Mountains, Alberta. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Map of Beaver Creek study catchment; climate stations, main hydrological 
features and gauging station. 
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The Beaver Creek catchment has a drainage area of 254km2, defined by the Water 
Survey of Canada hydrometric station (05AB103) located near Brocket, approximately 
7km northwest of its confluence with the Oldman River (Figure 3.1). Elevations in the 
Beaver Creek catchment range between 1500m AMSL, with the general aspect facing 
south, south-east with slopes ranging from flat in the lower elevation rangelands to 28° 
on the southwest and north east facing hillslopes.  
The Porcupine Hills are characterized by the rapid spatial transition from montane 
forest to aspen parkland and prairie grasslands, creating a unique habitat for many plant 
species native to southern Alberta (Elias, 1999). The upper elevations receive adequate 
precipitation to sustain mixed coniferous and deciduous forests (Elias, 1999).  Conifer 
forests consisting mainly of white spruce (Picea glauca), lodgepole pine (Pinus contorta 
var. latifolia), balsam fir (Abies balsamea) with some Douglas-fir (Pseudotsuga 
menziesii) cover the upper elevation slopes and ridge-tops. Thick deciduous forests of 
Trembling Aspen (Populus tremuloides) are found on the mid-elevation slopes with 
grassland ecosystems located on dry lower slopes (Elias, 1999). Predominant plant 
species in the grasslands include rough fescue (Festuca scabrella), timothy (Pheleum 
pretense) and brome (Bromus inermis) grasses. Cultivated crops are also established on 
the lower plains that include canola (Brassica napus), barley (Hordeum distychum) and 
wheat (Triticum aestivum). 
Soils in the forested regions of the upper elevations are of the Luvisolic soil order. 
The surface horizon has a sandy clay loam texture, while the subsurface horizon is 
dominantly clay. The mid-elevation grasslands are typical of a Chernozemic soil order 
that exhibits higher clay fractions in the surface horizon while the subsurface soils are a 
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mix of silty clay loam and sandy loam. The cultivated croplands have a sandy clay loam 
surface horizon and a clay loam subsurface horizon, to be expected in areas under 
cultivation. The grassland region is characterized by shallower surface horizons relative 
to the forested area while the subsurface horizon is deeper. The cultivated areas have the 
deepest surface horizons but shallower subsurface horizons relative to the grasslands. 
Elevations in the Porcupine Hills are similar to the foothills in the eastern slopes 
of the Rocky Mountains, however, their geologic stratification more closely resembles 
the Cypress Hills and Milk River Ridge (AENV, 2000). The Porcupine Hills were not 
formed by the processes of mountain building, but through glacio-fluvial erosion during 
the last ice age. Consequently the underlying sandstone bedrock is not thrust-faulted but 
in the original, horizontal orientation as it was deposited (Elias, 1999). 
 The Claresholm Water Works climate station, located approximately 25km 
northeast of the Beaver Creek catchment, was chosen to drive the hydrological model. 
This station received an average annual precipitation (1971-2000) volume of 428.2mm, 
apportioned between 304.9 mm of rain and 123.4mm of snow (Environment Canada, 
2007). Mean daily temperature in the summer is 16°C and –6.1°C in the winter. A 
complete 40-year climate record overlapping the hydrometric observations and similar 
physiographic characteristics to the Beaver Creek catchment made this the most 
representative climate station for the simulation. 
In the southern Alberta region, winter precipitation events result primarily from 
frontal air masses while summer events are typically convective in nature (i.e. June lows).  
The proximity to the eastern slopes of the Rocky Mountains exposes the area to the 
rainshadow effect and high Chinook winds (Grace, 1987). Therefore, due to the 
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orographic influences on this area, it is not uncommon for a deficit in the annual moisture 
budget due to high evapotranspiration relative to precipitation. 
  
 3.3.2 Hydrological Model 
 The ACRU agro-hydrological modelling system was developed by the 
Department of Agricultural Engineering (now the School of Bioresources Engineering 
and Environmental Hydrology) at the University of KwaZulu-Natal, South Africa, in the 
late 1970s and has been continuously refined and updated. The ACRU model is a multi-
purpose, multi-level integrated physical-conceptual model that can simulate total 
evaporation, soil water and reservoir storages, land cover and abstraction impacts on 
water resources, and streamflow at a daily time step (Schulze, 1995; Schulze and 
Smithers, 1995). 
 The most recent version of the ACRU model includes the simulation of rain and 
snow precipitation to broaden the application to environments where snowmelt is a major 
contributor to local hydrology. The structure of the ACRU model (Figure 3.2) is 
conceptual in that it theorizes the processes that govern the hydrological cycle, and is 
physical in that the physical laws of hydrology are mathematically represented within the 
conceptual framework (Schulze, 1995). ACRU is also capable of simulating catchments 
characterized as a lumped or distributed model. The version of the ACRU model applied 
in this thesis simulates the principal hydrological processes of rain and snow interception, 
infiltration, snowpack accumulation and soil water storages, unsaturated and saturated 
soil water redistribution, total evaporation (a daily summation of snow sublimation, plant 
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transpiration from rooting zone (s) and evaporation from the soil surface) and temporally 
discrete runoff generation.  
 
 
  
 
 
 
 
 
  
 
 
Figure 3.2: Major components of the ACRU agro-hydrological modelling system 
illustrating the conceptual representation of the water balance. 
 
 3.3.2.1 Conceptual Structure of ACRU  
The snowmelt routine of the ACRU model is based on a water retention concept 
where the storage capacity of liquid water in the snowpack regulates the quantity and 
timing of water release from the snow storages. The snow sub-module uses a 
temperature-based method to quantify snow accumulation and ablation processes. The 
snow module considers precipitation form (i.e. discretization between rain, snow and 
mixed precipitation), the volumetric properties of snowpack (i.e. snow water equivalent, 
density, depth and liquid water retention), heat and mass balances/exchanges of the 
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snowpack, and the temporal changes in physical snowpack characteristics that affect 
storage and melt (i.e. metamorphosis and sublimation). The releases of water from the 
snow module are added to the net precipitation store of the ACRU structure. 
 The net portion of precipitation that is not intercepted is modelled in a two-layer 
soil profile (surface and subsurface). Soil depth and texture of both surface and 
subsurface horizons determine the three critical volumetric soil water retention constants 
of total porosity, field capacity and wilting point. Volumetric soil water in excess of the 
field capacity is redistributed at the saturated rate (determined by texture), while soil 
water less than field capacity but greater than the wilting point is redistributed at the 
unsaturated rate both in the upward (subsoil) and downwards directions (surface and 
subsoil) (Schulze, 1995). 
Evapotranspiration takes place from several principal stores of water in the 
ACRU soil water budgeting routine including previously intercepted snow and rain, 
snowpack and soil storages. Daily potential evapotranspiration (maximum daily 
evaporation) is determined using the reference evaporation and empirically derived, 
monthly crop coefficients. ACRU partitions daily evaporation and transpiration relative 
to vegetation phenology. The apportionment of transpiration between soil horizons is 
controlled by the root mass distribution between the respective horizons. Soil water in 
excess of the permanent wilting point is considered available for transpiration by plants 
(Schulze, 1995). 
Streamflow production by the ACRU model is comprised of simulated runoff 
(both same day and delayed response) and baseflow volumes. Runoff generation is based 
on a modified Soil Conservation Service (SCS) procedure by the United States 
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Department of Agriculture (1985) where runoff potential is conceptualized as a depth, 
and is a function of the soils relative wetness. Baseflows are generated from saturated 
drainage out of the rooting zone and added to the groundwater store (Schulze, 1995). The 
temporal response of surface runoff and baseflows are controlled by empirically derived 
response coefficients that are fitted to recession curves of the observed hydrographs.  
The concepts and physical processes of the ACRU model make it highly 
responsive to changes in land use and climate (Schulze and Smithers, 1995). When 
accurately parameterized and verified, the ACRU model is capable of simulating all the 
elements of the hydrological cycle and in doing so, establishes the fundamental basis for 
hydrologic impact studies. ACRU has been used extensively in South Africa for water 
resources assessments (Kienzle et al., 1997; Everson, 2001; Schulze et al., 2004), and 
also in Chile, Germany, the USA, and New Zealand. The most recent version of the 
ACRU model, including the snow module, was applied in Canada for the first time in this 
study. The key physical equations of the ACRU modelling system used in this thesis are 
presented in Appendix A. 
 
3.3.2.2 Data Requirements and Modelling Pathways 
 The ACRU modelling system is a multi-level application where multiple 
pathways or alternative methods can be invoked contingent on the availability of data 
(Smithers and Schulze, 1995). The model is capable of simulating the catchment 
processes as a lumped or distributed model. Regardless of the spatial complexity 
required, the compulsory data required for streamflow simulations commences with 
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general information that includes the area, elevation and altitude of the catchment or 
subcatchments. 
 The required climate data includes daily observations of precipitation, minimum 
temperature and maximum temperature. The ACRU model includes an option to correct 
precipitation values on a monthly basis for systematic differences between climate station 
and catchment (subcatchments). Temperatures can also be corrected for altitudinal 
differences between catchment (subcatchments) and the climate station using mean 
regional lapse rates. 
 The ACRU modelling system has multiple options for the estimation of daily 
reference potential evaporation that range from A-Pan observations to physically-based 
methods. The ACRU model uses the United States Weather Bureau Class A evaporation 
pan as the standard reference potential evaporation to which all other estimation methods 
are adjusted (Schulze, 1995). To determine daily evaporation, ACRU requires monthly 
crop coefficients and the proportion of roots in the surface soil horizon. Interception of 
precipitation by the vegetation canopy can be estimated using a variety of methods, 
which require either crop coefficients, leaf area index (LAI) or field observations. 
The ACRU model requires soil texture and depth information for both the surface 
(A) and subsurface (B) horizons. From this information the porosity, wilting point, field 
capacity (of surface and subsurface horizons), fraction of water redistributed from surface 
to subsurface horizons and from subsurface to groundwater store can be derived from 
literature or the model documentation (Schulze, 1995; Smithers and Schulze, 1995).  
The volume and temporal behaviour of streamflow is simulated using coefficients 
that are derived from observed hydrographs or values derived from model 
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documentation. Streamflow observations are also required for the verification of 
simulated streamflow and optimization of streamflow control variables. The ACRU 
model conceives of streamflow simulation through the daily soil water budget, and as 
such, requires daily input. With the exception of climate data, the ACRU model is 
designed to accommodate monthly-level input by transforming monthly values into 365 
daily values internal to the model structure using Fourier Analysis. 
 
3.3.3 Model Parameterization 
3.3.3.1 Selected Model Structure for the Beaver Creek Simulations 
The ACRU modelling routines selected for the Beaver Creek study were chosen 
based on the availability of data in this region. The heterogeneity of the catchments 
physical characteristics (elevation, soil and land cover) required the parameterization of 
ACRU as a distributed model, which required the delineation of hydrological response 
units. Spatial modelling techniques were also applied to increase the areal representation 
of point data. A GIS was used to area-weight all model variables and parameters for input 
into the distributed modelling system.  
The physically-based Penman (1948) method for reference evaporation was 
selected as the reference evaporation method as it is the preferred technique by the model 
developers (Schulze, 1995) and has been shown to be the most regionally robust method 
for southern Alberta (McKenney and Rosenberg, 1993). Canopy interception was 
estimated using the Von Hoyningen-Huene method, which relates interception to 
monthly leaf area index values. The parameterization of the remaining ACRU model 
variables such as soils, land cover and streamflow control parameters were completed 
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using the available databases, estimates from literature or model documentation (Schulze, 
1995; Schulze and Smithers, 1995). All input data and model parameters used in the 
simulations for the Beaver Creek are presented in Appendix B. 
 
3.3.3.2 Hydrologic Response Units  
Hydrologic Response Units (HRUs) are user-defined areas of homogenous 
hydrological response (Flugel, 1997; Beven, 2002). These are parameterized individually 
for input into the ACRU modelling system.  Three major physiographic data types were 
utilized in this analysis: a 30m digital elevation model, generalized land cover from the 
Prairie Farm Rehabilitation Administration, and Integrated Plant Available Water 
(INTPAW) calculated from the Agricultural Region of Alberta Soil Inventory Database 
(AGRASID) (Figure 3.3). A GIS was used to delineate these variables and construct a 
digital file showing the boundaries of the HRU’s. The parameterization of all subsequent 
model input parameters (i.e. soils and land cover) were area-weighted to each HRU, 
constructing the spatially representative input files for the ACRU modelling system.  
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Figure 3.3: Physiographic characteristics of the Beaver Creek catchment including; generalized land use (left) and integrated plant 
available water (INTPAW) (right). 
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3.3.3.3 Precipitation 
 Climate stations in southern Alberta are constructed and maintained by 
Environment Canada Meteorological Service. There are multiple stations within 
proximity to the Beaver Creek catchment, with one station positioned within the bounds 
of the catchment (Figure 3.1). Field inspection of the in basin station revealed that the 
data quality was insufficient for modelling applications. Communication with the 
volunteer data collector revealed that measurements were not recorded in a consistent 
manner, specifically the rainfall gauge was not monitored on a regular basis.  
 Multiple attempts were made to combine and statistically correlate climate 
records from stations surrounding the catchment with streamflow observations at the 
Beaver Creek. It was concluded that the Claresholm Waterworks station, approximately 
25 kilometers northeast of the center of the catchment, had the longest and most complete 
record with the highest association to Beaver Creek streamflows. For these reasons it was 
selected as the source for climate data used in this study.  
Monthly correction factors were calculated to account for discrepancies between 
precipitation recorded at the climate station and the behaviour of precipitation at each of 
the HRUs in the catchment. The ANUSPLIN 4.3 interpolation software (Hutchinson, 
2004) was used to create climate surfaces of monthly 30-year normals at a 100m-grid cell 
resolution. ANUSPLIN uses a thin plate splining technique to fit a smoothed spline curve 
through point climate data using elevation from a digital elevation model as a co-variate. 
Hutchison (2005) described the thin plate splining algorithm of ANUSPLIN as the 
substitution of a smoothed, non-parametric function applied to generalized, multi-variate 
linear regression. The application of the ANUSPLIN algorithm has been an effective 
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means to estimate unsampled points from multi-variate, observed climate data (Bonsal et 
al., 2003). 
The ANUSPLIN algorithm was applied to thirty-one stations within a 50km 
buffer of the Oldman Basin, east of the Continental Divide using a 100m-resolution 
elevation grid as a co-variate. Monthly surfaces of precipitation normals were 
interpolated with corresponding error surfaces. Using the relationships between grids 
overlying the individual HRUs and the grid cell that over-laid the climate station, a 
systematic monthly correction factor, specific to each HRU, was derived to adjust daily 
precipitation input for each HRU. 
 The problem of point-to-area rainfall conversion can be addressed using depth-
area relationships. The point rainfall depths recorded at the driver station are not a 
realistic representation of the depth of precipitation received over the entire area of the 
catchment. To derive an equivalent estimate for the total catchment area, areal reduction 
factors are often applied (Asquith and Famiglietti, 2000; Veneziano and Langousis, 
2004). A simple areal reduction factor (Equation 3.1) was used to correct daily 
precipitation events. Where Pcorr is the corrected daily precipitation volume and P is the 
original volume recorded at the climate station: 
                                         Pcorr = P * (1 – (0.005 * P))   [Eq. 3.1] 
 This method constructed a precipitation record that is adjusted for each HRU that 
conserved the variability of the driver station while avoiding unrealistic extremes, 
potentially created by using point measurements for an entire watershed.  
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 3.3.3.4 Reference Evaporation 
 The Penman (1948) model was used to simulate daily reference evaporation, 
expressed in the ACRU model and determine the A-PAN equivalent evaporation 
(mm/day). The Penman (1948) equation has three major components; 1. the energy 
budget, 2. mass transfer and 3. the energy budget-weighting factor. The latter component 
places greater importance on the energy budget component in the summer season 
(Schulze, 1995). As daily radiation data were not available, the Penman model was 
applied on a monthly time step. Data requirements for the Penman (1948) equation 
include monthly values of incoming radiation, air temperature, relative humidity and 
windspeed. 
 Modelled solar radiation data, estimated by the publicly available System for 
Automated Geoscientific Analysis (SAGA, 2007) GIS lighting tool, was used in the 
monthly Penman equation. This tool calculated the solar radiation input of a monthly 
mean sun exposure. The SAGA lighting tool produces hourly solar radiation therefore, 
for each gridcell on the 30m DEM of the catchment, hourly data were summed for each 
day and monthly totals were then averaged. To account for atmospheric transmissivity, 
shortwave radiation observations at the Environment Canada climate station in Stavely, 
Alberta, approximately 35 km north of the Beaver Creek watershed, were compared with 
the GIS modelled radiation. Differences between modelled and observed monthly 
average values were between 15% and 20%, therefore the SAGA-derived values were 
corrected to match the regional observations. 
The mass transfer component of the Penman equation describes the flux of vapor 
from a vegetated surface (Schulze, 1995). The three major variables involved in this 
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component of the Penman equation are windrun (km/day), saturated vapour pressure and 
mean daily relative humidity (%). Daily mean windspeed (km/h) was downloaded from 
the Pincher Creek climate station (Environment Canada), the nearest station with 
available wind speed data. These values were reduced by 10% to match the nearby to 
match the wind database provided by Alberta Environment over the Beaver Creek 
catchment, interpolated by Environment Canada. The final 12 monthly average values 
were converted to the ACRU format of windrun measured in km/day.  
Monthly means of daily average relative humidity were taken from the Stavely 
climate station, the nearest data source to the study catchment. Ten years of data were 
averaged to produce 12 monthly values. Saturated vapour pressure is empirically related 
to observed temperature using Tetens’ (1930) equation that is calculated internally within 
the model structure. 
  
 3.3.3.5 Soil Data 
Soil data in the agricultural regions of Alberta have been sampled and 
documented in the AGRASID digital database. Soil polygons over the study area 
contained multiple sampling sites. These data were aggregated within the boundaries of 
each soil polygon for dominant texture and horizon depths. Soil polygons were area-
weighted to the overlying HRU using a GIS. Soil water redistribution and retention 
values were all derived from empirical data available from the ACRU Theory 
documentation, specific to the textural and depth properties of each horizon. This 
information was compiled by Schulze (1995). The soil horizon depth and surface 
cracking was field checked at various locations within the Beaver Creek catchment. 
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 3.3.3.6 Land Cover Information 
Generalized land cover data was provided by the Prairie Farm Rehabilitation 
Administration (PFRA). This data is publicly available and was complied by the PFRA in 
October, 2001. The digital dataset was classified from 30m Landsat 7 imagery into the 
dominant land cover classifications. These included cultivated cropland, forage, 
grasslands, shrubs, trees, wetlands, water, non-agricultural lands, clouds and shadows, 
mud sand/saline, and unclassified areas. Land cover polygons were area-weighted to each 
HRU using a GIS. The PFRA land cover data was field verified to ensure accuracy across 
the watershed. 
Non-destructive estimates of LAI were collected in situ using the LAI-2000 plant 
canopy analyzer (Li-Cor Inc., Lincoln, NE). Measurements were collected for forest, 
shrub, grassland and crop canopies for various periods during the growing seasons of 
2006 and 2007. Field measurements considered dual-stage canopies with understory 
vegetation as well as row crops by taking multiple measurements. These measurements 
were used as field verification for a monthly LAI dataset provided Dr. Anne Smith at the 
Agriculture and Agri-Food Canada Lethbridge Research Centre (Lethbridge, Alberta). 
Monthly crop coefficients were calculated for the dominant vegetation of each 
land use according to the method outlined in the FAO Irrigation and Drainage Paper No. 
56 (Allen et al., 1998) and were adjusted according to the guidelines provided in the 
ACRU User Documentation (Schulze, 1995). The ACRU model uses the A-Pan reference 
evaporation and therefore, short-grass reference crop coefficients (Allen et al., 1998) 
were divided by 1.2 for application in the ACRU model according to the specifications of 
the model documentation (Schulze and Smithers, 1995). 
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3.3.3.7 Streamflow Control Variables 
 The monthly coefficients of initial abstraction, or the amount of water lost to 
interception, depression storage and infiltration, were estimated from physically 
applicable ranges provided in the ACRU user documentation. The runoff response depth 
was estimated from the dominant runoff producing mechanism within the catchment (i.e. 
climate, vegetation and soil characteristics). Recommended values were provided in the 
ACRU user documentation (Schulze, 1995). The variables, which control the temporal 
response of streamflow, were fitted to observed hydrographs. These coefficients are 
optimized in an iterative process based on graphical analysis of runoff dynamics between 
observed and simulated hydrographs. 
 
 3.3.4 Verification of Streamflow Simulations 
The ACRU model was verified against streamflow observations obtained from the 
Beaver Creek hydrometric station (#05AB013). A complete record of daily observations 
from the years 1966-2005, for the months March-October, was obtained from the Water 
Survey of Canada online database (Water Survey of Canada, 2007). Observations were 
reported as discharge (m3/sec) and converted to depths (mm) for comparison with the 
ACRU output.  
The effectiveness of the ACRU modelling system at simulating observed 
streamflows in the Beaver Creek was determined using objective functions consisting of 
both conservation and regression statistics. Additionally, the verification analysis 
included other objective functions of modelling performance common to hydrologic 
modelling (Legates and McCabe, 1999; Krause et al., 2005) and recommended in the 
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ACRU user documentation (Schulze, 1995). Visual verification of observed versus 
simulated hydrographs was also conducted for mean daily streamflows, and accumulated 
daily and monthly mean streamflow volumes.  
Descriptive statistics including mean, variance and standard deviation were used 
in the model verification to compare the distributions of observed and simulated 
streamflow. A student’s t-test determined if the sample means were significantly 
different. Finally, the discrepancies between observed and modelled streamflows were 
quantified with mean absolute error.  
The coefficient of determination (r2) was used to indicate the degree of co-
variation between observations and simulations. The r2 is maximized at a value of 1 and 
represents the proportion of variance in the observed streamflows that were explained by 
the simulated streamflows. The slope and base constant of the linear regression model 
were used to describe the nature of the unexplained data. The Nash-Sutcliffe coefficient 
of efficiency (E) was applied as an advanced objective function analogues to the 
coefficient of determination (Nash and Sutcliffe, 1970). Values for E range from -∞ to a 
perfect fit of 1.0. A value of E < 0 indicates that that the mean of the observations had 
greater predictive power than the simulations.  
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3.4 Results and Discussion 
 3.4.1 Parameterization  
 3.4.1.1 Hydrologic Response Units 
 The final selection of HRUs is illustrated in Figure 3.4, with the general 
characterization of each response unit given in Table 3.1. The delineation of HRU 1 
closely follows the 1500m-elevation contour, forested land use and zone of highest soil 
water storage potential. This HRU represented the deepest estimated surface soils with 
the highest precipitation and highest soil water content. A significant proportion of forest 
biomass was located in this response unit. Down- slope, HRU 2 encompasses the first of 
two rangeland response units.  HRU 3 predominantly spans the headwaters of Five Mile 
Creek (Figure 3.1). Soil water availability in these HRUs was highest in HRU 2 and thus 
HRU 3 contained a higher proportion of drought tolerant, perennial shrubs and woody 
vegetation.  
 HRUs 4 and 5 represent the transition from the montane slopes and fescue 
grasslands of the upper reaches to the agricultural land uses further downstream. The 
separation of these two HRUs follows the division between natural (forage) and 
cultivated land, as soils and elevation are relatively homogenous for this area. Most 
importantly, the canopy interception of precipitation and plant physiology were different 
between perennial (forage) and annual (cultivated) species.  
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Table 3.1: Major physiographic characteristics of hydrological response units including 
area, percent area of total catchment, mean elevation, dominant soil type and generalized 
land cover. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Map illustrating the hydrological response units selected for the Beaver 
Creek catchment. 
 
 
HRU Area (km2) Area % Elevation (m) Soil Type Land Cover  
1 60.03 23.63 1500 Clay Loam Mixed Forest 
2 55.88 21.99 1400 Loam Rangeland 
3 61.31 24.13 1400 Clay Loam Shrub & Rangeland 
4 46.42 18.27 1300 Clay Loam Forage 
5 30.43 11.98 1200 Sandy Clay Loam Cultivations 
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 3.4.1.2 Precipitation Correction 
Monthly precipitation adjustment factors that reflected the relationship between 
the HRUs and climate station are listed in Table 3.2. Overall, the precipitation records of 
HRUs 1 and 2 received the largest adjustments as these response units were at higher 
elevations and thus received more precipitation relative to other HRUs. Across the 
catchment, the greatest monthly adjustments were increases in months of February, 
March and April while the only notable decreases were in the early winter period 
(November and December) of HRU 1 and 2. Overall, the differences in precipitation 
behavior between the lower elevation driver station (1008m) and the mean elevation of 
the catchment (1451m) were reflected in the precipitation correction values that 
illustrated the importance of this method in heterogeneous terrain. The ANUSPLIN 
interpolation algorithm was previously applied to climate data in British Columbia and 
Alberta by Price et al. (2000). They recommended ANUSPLIN as the preferred approach 
over regression methods, particularly when interpolating between irregularly spaced, high 
elevation stations.  
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Table 3.2: Monthly precipitation adjustment factors calculated for each HRU using monthly ANUSPLIN surfaces. 
 
      Jan     Feb    Mar    Apr     May    Jun   Jul    Aug    Sep   Oct    Nov    Dec 
HRU 1 1.24 1.39 1.27 1.54 1.24 1.12 0.96 1.09 0.96 1.21 0.97 0.77 
HRU 2 1.18 1.38 1.28 1.47 1.26 1.11 1.00 1.09 1.02 1.11 1.19 0.81 
HRU 3 1.22 1.40 1.25 1.34 1.23 1.08 0.99 1.04 0.98 1.09 1.17 0.86 
HRU 4 1.28 1.50 1.32 1.35 1.30 1.10 1.05 1.06 1.09 1.02 1.09 0.95 
HRU 5 1.28 1.50 1.32 1.28 1.29 1.08 1.05 1.02 1.08 1.01 1.24 0.99 
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 3.4.2 Verification Analysis 
The Claresholm Waterworks climate station (Figure 3.1) had the highest 
association between observed precipitation records and the Beaver Creek streamflow 
records. However, it was observed that approximately one third of the available 
overlapping climate records exhibited a poor correlation with the observed streamflow at 
the Beaver Creek. This included years with significant precipitation and associated low 
streamflow, and vice versa. Therefore, the objective assessment was performed twice, 
with the first assessment using the entire 40-year record, followed by the removal of mis-
matched events and a statistical verification of the remaining representative sample. 
Details on the removal of outlier events are expanded upon in the proceeding sections. 
Objective measures of modelling performance for monthly, accumulated volumes 
simulated by the ACRU model are provided in Table 3.3 (a). An under-simulation of 
daily observations (0.42 mm/day) resulted in an 11.19% difference in monthly sample 
means. The student’s t-statistic (p=0.69) indicated that no significant differences were 
found between the sample means, however, a 7.80% difference between variances 
decreased the reliability of the t-statistic.  The coefficient of determination (r2=0.47, 
n=290) indicated that the model explained less than half of the variance in the 
observations. A positive y-intercept (0.86) and regression coefficient less than unity 
(0.66), suggested that months with low flow were over-simulated and high flows were 
under-simulated.  The coefficient of efficiency was low (E=0.34) and approached the r2 
illustrating that no systematic errors in the simulation were apparent from this analysis.  
The low association between observed and simulated samples, and lack of 
conservation in the distribution of the observations indicated an inaccuracy with either 
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the input data or parameterization. The errors in simulation were not systematic as 
indicated by the close association of E and r2, and simulation bias was explained by the 
base constant and regression coefficient. Therefore, errors were likely not attributed to 
unrepresentative evapotranspiration or soil moisture storages, which would have resulted 
in systematic over or under-simulations. Extensive sensitivity analysis of the ACRU input 
parameters have indicated that precipitation is the most sensitive input variable (Schulze 
and Smithers, 1995). Therefore, the low association between samples was attributed to 
the location of the climate station, and thus the accuracy of the precipitation input. 
A comparison of daily precipitation events at the Claresholm Waterworks climate 
station and the observed annual hydrographs at the Beaver Creek over the verification 
period, revealed several years where the precipitation input was not representative of the 
catchment streamflow behavior. These discrepancies occurred between both magnitude 
and timing of precipitation events and the streamflow response. It was found that 
considerable differences in behavior, in 13 of the 40 available years, contributed to the 
unrepresentative precipitation input when compared in an annual time series against 
observed streamflow at the catchment. The statistical integrity of the verification 
assessment was preserved by removing the entire year, in which the major outlying 
events occurred, from the analysis. The sample size of the verification period was 
reduced from 40 to 27 years, without selectively choosing discrete events assumed to be 
erroneous. The 13-year sample of outliers contained both years with above and below 
normal precipitation conditions. 
Upon removal of outlier years, simulated flows were statistically verified for the 
27- years of seasonal (March-October) daily observations that were representative. This 
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resulted in considerable improvement in the accuracy of the simulated streamflow 
volumes (Table 3.3 (b)). Mean error in simulation (mm/day) was reduced to an under-
simulation of 0.086mm. This reduced the magnitude of difference between the monthly 
means (3.34%). The student’s t statistic (p=0.13) also found no significant difference 
between the means and the difference in variances between each sample was reduced to 
4.28%. The coefficient of determination indicated a strong correspondence between 
observed and modelled monthly flows (r2 = 0.78, n=206) where the simulation explained 
78% of the variance in observed streamflow. A slightly positive regression intercept (y= 
0.16) indicated a minor over-simulation of low volume streamflows and the regression 
coefficient, greater than zero but less than unity (0.90), indicated an under-simulation of 
high volume streamflows. The coefficient of efficiency (E=0.77) is near optimal as it is 
0.01 from the r2 value. This supports the degree of association determined by the r2 and 
indicated that an insignificant amount of systematic error in simulation was calculated. 
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Table 3.3: Objective measures of modelling performance for (a) 40-year verification, 
including years with mismatching precipitation – streamflow records, and (b) a 27-year 
verifications, including only years with matching precipitation – streamflow records. 
 
Overall, the ACRU model simulated the behaviour of the Beaver Creek with a 
reasonable level of accuracy. The mean daily observed and simulated hydrographs 
showed a close association in the annual volume, timing of peak flow and baseflow 
period (Figure 3.5 (a)). Small events occurring before Julian day 91 and 122 were under-
simulated. While there is an over-simulation of streamflow volume in the rising limb 
occurring between Julian days 122 and 160, the peak flow date is simulated well in both 
timing and magnitude as illustrated in the subset (b) of Figure 3.5.  
Monthly Totals of Daily Streamflow                                                   (a)                  (b) 
                                                                                                            40-year          27-year 
Sample Size (months)    290                  206 
Average Error in Flow (mm/day)   -0.42               -0.09 
      
Means Observed (mm)  3.77                 2.59 
  Simulated (mm)  3.35                 2.50  
  % Difference -11.19%        -3.34% 
t-statistic     0.69                 0.13 
      
Standard Deviation Observed  7.50                 6.48 
  Simulated  7.20                 6.62 
  % Difference  3.98%            2.12%  
      
Variance Observed 56.29              42.00 
  Simulated 51.90              43.80 
  % Difference 7.80%             4.28%  
      
RMSE   5.85                 3.16 
      
Coefficient of Determination (r2)   0.47                 0.78 
Regression Coefficient (Slope)   0.66                 0.90 
Regression Intercept   0.86                 0.16 
      
Coefficient of Efficiency (E)   0.34                 0.77 
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Beyond the peak flow date, the recession limb of the simulated mean hydrograph 
is under-simulated. Of particular importance, however, the simulated baseflow period in 
the fall has a close association with the observations. The accumulated daily streamflows 
illustrate that both years with high and low annual streamflow volumes were simulated 
accurately (Figure 3.6). Finally, the comparison of mean monthly volumes illustrated 
that, with the exception of June, the summer and fall streamflow volumes (July, August, 
September and October) showed a good association between observed and simulated 
volumes.  
 
 
 
 
 
 
 
 
 
Figure 3.5: Simulated and observed mean daily hydrographs for 27-year sample (a). 
Subset figure (b) illustrates the behaviour of simulated and observed peak response 
between Julian days 155 and 165. 
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Figure 3.6:  Simulated and observed accumulated daily hydrograph, 27-year sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7:  Simulated and observed mean monthly streamflow totals, 27-year sample. 
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The coefficient of efficiency and coefficient of determination have been criticized 
in their effectiveness as objective measures of simulation accuracy (Legates and McCabe, 
1999; Krause et al., 2005).  Both of these objective functions square the error term which 
allows for an over-estimation of error due to larger absolute error in high flows. It follows 
that the parameterization of the ACRU model for the Beaver Creek was intended for 
water resources assessments focusing on overall water availability and in particular, 
availability in periods of baseflow. The strength of the coefficients of determination and 
efficiency were compromised due to low simulation accuracy, and thus larger squared 
error in months of highest flow magnitudes. 
 
3.5 Conclusion 
 The application of the ACRU model to a medium sized catchment dominated by a 
hybrid of hydrological processes was investigated. Spatial techniques for interpolation of 
precipitation have expanded the capabilities of hydrological modelling in catchments 
where data are limited. Furthermore, the spatial delineation of land cover, soils and 
climate data using the HRU approach facilitated higher resolution, distributed modelling 
in catchments of diverse physiography, as was found in the Beaver Creek.  
The verification of the ACRU modelling system for the Beaver Creek revealed 
the challenges of modelling endeavors in areas with low-density instrumentation and thus 
limited historical data records. Whilst significant efforts were made to construct be best 
possible precipitation record, it became evident that the quality of the record used was the 
principal limiting factor in this simulation. After the removal of outlier years, the linear 
regression model explained 78% of the variance of the observations and the coefficient of 
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efficiency improved to 0.77.  The ACRU model simulated the mean annual hydrograph 
with reasonable accuracy, in particular, the timing of the peak flow and baseflow periods 
showed a good association with observations. The conservation of the annual water 
balance was illustrated in the association of simulated and observed accumulated annual 
volumes. Simulated mean monthly volumes showed a conservation of the observed 
volumes in most months with the exception of July and October that were under-
simulated. 
The results of the verification analysis illustrated that the ACRU model is well 
suited to simulating the annual water balance, while only marginal at simulating the 
overall behaviour of the hydrograph (i.e. mean monthly volumes). The errors in mean 
monthly simulation illustrated the complexities of modelling multiple hydrological 
processes in hybrid catchments. The accuracy of the current parameterization of the 
ACRU model was achieved with the optimization of only the required parameters. These 
results confirm that the current parameterization of the ACRU model is suitable for 
simulating the mean response to climate change scenarios. 
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CHAPTER 4 
An analysis of GCM derived climate scenarios on the future hydrology 
of a tributary catchment in the Oldman River Basin, Alberta, Canada 
                     
4.1 Introduction 
 4.1.1 Background 
 In response to increased atmospheric concentrations of greenhouse gasses, global 
mean surface warming is expected to intensify of the global hydrological cycle (Loaiciga 
et al., 1996; Douville et al., 2002; Huntington, 2006). It is anticipated that this 
intensification will disrupt global precipitation patterns (Frederick and Major, 1997; 
Dore, 2005), resulting in a regionally disparate distribution of precipitation (IPCC, 1996; 
Douville et al., 2002). Projected warming is expected to be the highest over the mid- and 
high-latitude regions (IPCC, 2001; Christensen et al., 2007). Since many of these regions 
depends on winter snow accumulation and spring melt, the change in temperature may be 
problematic for water supply and availability (Barnett et al., 2005). A common method of 
investigating the impacts of climate change on water resources is to use output from a 
general circulation model (GCM) to drive a hydrological model (Leavesley, 1994; Xu, 
1999b; Merritt et al., 2006). 
 In North America, climate change and the associated increases in temperature are 
expected to affect evaporation, soil moisture and the timing, form and volume of 
precipitation (IPCC, 2001; Christensen et al., 2007). Simulations of future climate and 
hydrology in snowmelt dominated regions indicate a greater percentage of precipitation 
events in the form of rain, which will affect the volume and melt-rate of the snowpack 
and lead to increased winter and reduced summer runoff volumes (Lettenmaier and Gan, 
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1990; Loukas and Quick, 1996; Lapp et al., 2005). Accordingly, a significant volume of 
water supply in the Canadian Prairie region depends on snowmelt runoff from the eastern 
slopes of the Rocky Mountains and is expected to be vulnerable to the projected changes 
in climate (IPCC, 1997).  
 Trends in climatic records indicate that, over the 20th century, the Canadian 
Prairies experienced a warmer and, to a lesser extent, drier climate (Gan, 1998). In 
southern Alberta, observations over the period 1970-2003 show a mean temperature 
increase of 1.4°C (Schindler and Donahue, 2006). Modelled projections of the future 
climate in the Canadian Prairie Provinces indicate that mean annual temperature may 
increase between 4°C and 5°C by 2050, relative to 1961-1990 conditions (Wheaton, 
2001). For Alberta, mean annual temperature is projected to increase between 3 and 5°C 
by the 2050s (Barrow and Yu, 2005).  
 The lack of consensus in historical precipitation trends in the Prairie Provinces 
does not provide strong evidence to indicate whether or not the Prairie behavior is similar 
to annual increases observed in Canada over the 20th century (Mekis and Hogg, 1999; 
Zhang et al., 2001). Akinremi et al. (1999) found increasing trends of annual 
precipitation (volume) in the Prairies between the years 1921 and 1995. However, 
Schindler and Donahue (2006) found no increases in annual precipitation in an 
examination of western Prairie records, most of which predate the year 1900. Projections 
for future precipitation in the Prairie region are also variable, synonymous with global 
projections (IPCC, 2001). Mean annual changes in future precipitation are expected to be 
between -10% and +15% in Alberta (Barrow and Yu, 2005).  Based on the observed 
trends and modelled future projections for both temperature and precipitation, Schindler 
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and Donahue (2006) predict that, in the near future, forecast warming may contribute to 
water scarcity issues in the western Prairies. 
 This study was focused on quantifying the impacts of climate change on the 
hydrology of a single catchment in southern Alberta. The Oldman River Basin is southern 
Alberta’s largest watershed (25,100 km2) spanning over 200km of Rocky Mountain 
cordillera extending south into northwestern Montana. The watershed is separated into 
two distinct climatic zones; the eastern slopes of the Rocky Mountains where an annual 
moisture surplus in the mountain headwaters supplies water demands, largely from 
irrigation, in the downstream, semi-arid prairie zone. The transition from mountain to 
prairie physiography is followed by changes in the climate, soils, vegetation and 
hydrology.  
 Watersheds dominated by pluvial, nival and hybrid hydrological processes have 
elicited different responses to scenarios of future climate (Loukas and Quick, 1996; 
Whitfield et al., 2003). Examining the effects of climate change on the hydrology in 
snowmelt dominated-catchments has been the subject of much research (Singh and 
Kumar, 1997; Hamlet and Lettenmaier, 1999; Christensen et al., 2004; Barnett et al., 
2005; Lapp et al., 2005; Merritt et al., 2006). However, snowmelt dominated regions, 
explicitly the Western Cordillera of Canada, make up only part of the total landmass and 
thus are reflective of only some of the major hydrological processes. Understanding the 
effects of climate change on hydrology in watersheds driven by other dominant 
precipitation forms (e.g. pluvial or hybrid) should not be understated (Loukas and Quick, 
1996; Loukas et al., 2002). The hydrology of the semi-arid, montane and grassland 
regions in the Oldman Basin are governed by both forms (snow and rain) of precipitation. 
 70 
This study investigated the impacts of climate change on a hybrid catchment in the 
Oldman Basin. 
  
 4.1.2 Modelling the Impacts of Climate Change on Regional Hydrology 
4.1.2.1 Hydrological Modelling 
The hydrological response to climate change has been studied through the 
application of catchment-scale hydrological models driven by GCM-derived scenarios of 
future climate (Loukas et al., 2002; Morrison et al., 2002; Schulze and Perks, 2003; Toth 
et al., 2006; Nurmohamed et al., 2007). The selection of the hydrological model requires 
that the model structure and conceptualization of catchment processes are well-suited to 
the catchment under investigation (Xu, 1999a). Physically-based hydrological models 
provide the accuracy required for the simulation of nonlinear hydrological processes in 
semi-arid catchments (Schulze, 1995). 
The Agricultural Catchments Research Unit (ACRU) (Schulze 1995; Smithers 
and Schulze, 1995) is a physical-conceptual, distributed hydrological modelling system 
designed to be highly responsive to changes in land use and climate (Schulze and 
Smithers, 1995). The ACRU model has been used extensively in climate change impact 
studies (Lowe, 1997; Schulze, 1997; Schulze, 1998; Schulze and Perks 2003; Schulze et 
al., 2004) and hydrological assessments (Kienzle and Schulze, 1991; Kienzle et al., 1997; 
Everson, 2001).  
Physically-based, spatially distributed hydrological models are an effective means 
to assess the impacts of climate change on hydrological response (Bathurst et al., 2004). 
The simulation of future hydrological response to climate change is limited to the 
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accuracy of simulating observed conditions (Jewitt and Schulze, 2003; Bathurst et al., 
2004). The quality of the future hydrological simulation is constrained by the validity and 
accuracy of the parameters and inputs to the model (Bathurst et al., 2004). The 
hydrological model must reproduce the characteristics of interest, in the hydrograph or 
component(s) of the water balance, within an acceptable range of uncertainty (Schulze, 
1995; Bathurst et al., 2004).  
 
4.1.2.2 Climate Scenarios  
Climate scenarios are often derived using output from general circulation model 
(GCM) experiments (Xu, 1999a; Xu, 1999b; Loukas et al., 2004; Xu, 2005). GCMs offer 
a physically plausible, three-dimensional, mathematical representation of the atmosphere, 
ocean, ice cap and land surface (MacFarlane et al., 1992; Smith and Hulme, 1998). These 
models are important in addressing the impacts of climate change as they provide the 
most sophisticated simulation of the climatic response to changing concentrations of 
greenhouse gasses and aerosols (IPCC, 2001; Laprise et al., 2003). The Special Report on 
Emissions Scenarios (SRES) (Nakicenovic et al., 2000), recommended the use of six 
illustrative emissions scenarios for climate change impacts research based on calculated 
changes in future population, economic growth and energy consumption (IPCC, 2001).  
General circulation models are, by design, proficient at estimating the effects of 
changes in greenhouse gas concentrations on atmospheric circulation (Smith and Hulme, 
1998). The large spatial scale of GCMs (~300km x 300km) inhibits the use of these 
models for representing regional-scale processes (Cohen, 1990 Carter et al., 1994; IPCC, 
1996; Schulze, 1997). Thus the outputs from the GCMs are not appropriate for direct 
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application to hydrological studies at finer spatial resolutions (Xu, 1999b). This is 
especially true for climate variables in topographically complex regions (Loukas et al., 
2004) such as the eastern slopes of the Canadian Rockies.  
Methods for resolving the effect of scale have been developed to facilitate the use 
of GCM outputs in hydrological models, and are outlined by the IPCC Task Group on 
Scenarios for Climate Impact Assessment (TGCIA) (1999). Downscaling refers to the 
process of refining coarse resolution GCM output to the sub-grid scale (Mearns et al., 
2001), which is then appropriate for regional scale hydrological modelling. In a 
comparison of two common downscaling approaches including the delta method and 
statistical downscaling, Hay et al., (2000) concluded that while seasonal trending of 
future climate variables is similar, the magnitude of changes are variable between 
techniques. They conclude that while both approaches are to be used with caution, the 
delta technique resulted in more conservative simulations of runoff.  
 
4.1.2.3 Uncertainty 
The accuracy of regional-scale hydrological impact studies are challenged by 
several sources of uncertainty. First, the SRES emissions scenarios are based on a 
combination of projections of future population, economic development and 
technological advancement. It is well established that these scenarios are considered 
equally plausible representations of future concentrations of greenhouse gasses, aerosols 
and sulphates (IPCC, 2001) and complicates the selection of experiments that drive the 
impact model (Hulme and Brown, 1998). 
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Another source of uncertainly stems from the accuracy of the GCMs in replicating 
regional, observed climate (Mearns et al., 1997). Bonsal et al. (2003) examined the 
performance of the publicly available GCMs in simulating regional observations of 
temperature and precipitation over the Western Cordillera of Canada. In a verification of 
the 1961-1990 baseline period, they found considerable agreement amongst the models 
for temperature however, considerable over-estimations, and less agreement between 
models for precipitation. 
 Additional uncertainties arise due to inconsistencies in the projections of key 
climate variables (i.e. temperature and precipitation) between different GCMs (IPCC, 
2001; Bonsal et al., 2003). Modelling uncertainty is inherent as both hydrological models 
and GCMs are forced with hypothetical future scenarios and simulating outside of a 
verifiable range (Morrison et al., 2002). While there is indefinite uncertainty in the data 
and methods of projecting the impacts of future climate, the design of impact assessments 
can reduce the modelling errors (Morrison et al., 2002). In recognition of the 
complexities of constructing GCM-based climate change scenarios for impacts analysis, 
Smith and Hulme (1998) quantified four major criteria for scenario development: 
1. The most recent GCM simulations are the most accurate as they benefit 
from the most advanced knowledge.  
2. GCMs with the highest spatial resolution provide increased accuracy at the 
regional scale.  
3. GCMs with the most accurate simulation of the historical climate will, 
theoretically, have the most regionally representative future projections.  
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4. Since the estimates of climate variables (i.e. precipitation) are inconsistent 
between GCMs, it is preferred to utilize a range of future projections. 
 The current body of research in western North America indicates that water 
resources in the Oldman Basin may be vulnerable to the impacts of climate change. In 
keeping with the recommendations of Smith and Hulme (1998), this research examined 
the sensitivity of a hybrid catchment, in the Oldman Basin, to a range of plausible future 
climates. Climate change impacts were assessed using a hydrological model forced by a 
range of GCM-derived scenarios. Future hydrological regimes were compared to the 
1961-1990 baseline conditions to determine the net effect of climate change at each of the 
three time periods. The evaluation of catchment response to a range of future climates is 
necessary to determine the potential effects of climate change on water resources in this 
presently, vulnerable region. Furthermore, this research contributed to the greater 
provincial initiative of developing a “watershed approach” (AENV, 2003). 
 
4.2 Objectives 
 The primary research objective of this chapter was to investigate the impacts of 
climate change on the hydrology of a single catchment in the Oldman Basin that is 
governed by both snowmelt and rainfall processes. The primary objective was achieved 
through the selection and development of GCM-derived climate scenarios that 
represented the projected range of plausible future climates in this region. These 
scenarios were used to force the ACRU hydrological modelling system and simulated 5 
scenarios of future hydrology over the recommended time periods of 2020, 2050 and 
2080.  
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 To determine the range of potential impacts on water availability, the analysis of 
future hydrological scenarios included an examination of the changes in annual flow 
volume and water balance components, shift in the seasonal contribution of streamflow 
and timing and magnitude of the peak flow event. 
 
4.3 Methods 
 4.3.1 Study Area 
The Beaver Creek study catchment, centered at 49° 44’N, 113° 52’W, is a 
tributary of the Oldman River (Figure 4.1), a major headwater to the South Saskatchewan 
River Basin. The creek is maintained by perennial flow with a bimodal hydrograph 
indicating the influence of both snowmelt and rainfall processes (Water Survey of 
Canada, 2007), and is classified as a hybrid stream (Figure 4.3). Beaver Creek has two 
ungauged, ephemeral tributaries (Five Mile Creek and Nine Mile Creek), both originate 
on the west-facing slopes of the catchment (Figure 4.1). The headwaters stem from the 
higher elevation slopes of the Porcupine Hills, east of the Front Range of the Rocky 
Mountains, Alberta. 
The Beaver Creek catchment has a drainage area of 254km2, defined by the Water 
Survey of Canada hydrometric station (05AB103) located near Brocket, approximately 
7km northwest of its confluence with the Oldman River (Figure 4.1). Elevations in the 
Beaver Creek catchment range between 1100m and 1500m AMSL, with the general 
aspect facing south, south-east with slopes ranging from flat in the lower elevation 
rangelands to 28° on the southwest and north east facing hillslopes.  
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Figure 4.1: Reference map of the Beaver Creek study catchment including climate 
stations, main hydrological features and gauging station. 
 
The Porcupine Hills are characterized by the rapid spatial transition from montane 
forest to aspen parkland and prairie grasslands, creating a unique habitat for many plant 
species native to southern Alberta (Elias, 1999). The upper elevations receive adequate 
precipitation to sustain mixed coniferous and deciduous forests (Elias, 1999).  Conifer 
forests consisting mainly of white spruce (Picea glauca), lodgepole pine (Pinus contorta 
var. latifolia), balsam fir (Abies balsamea) with some Douglas-fir (Pseudotsuga 
menziesii) cover the upper elevation slopes and ridge-tops. Thick deciduous forests of 
Trembling Aspen (Populus tremuloides) are found on the mid-elevation slopes with 
grassland ecosystems located on dry lower slopes (Elias, 1999). Predominant plant 
 77 
species in the grasslands include rough fescue (Festuca scabrella), timothy (Pheleum 
pretense) and brome (Bromus inermis) grasses. Cultivated crops are also established on 
the lower plains that include canola (Brassica napus), barley (Hordeum distychum) and 
wheat (Triticum aestivum). 
Soils in the upper elevation, forested regions are of the Luvisolic soil order. The 
surface horizon is predominantly sandy clay loam, while the subsurface horizon is 
dominantly clay, a distinctive characteristic of acid leaching in forested areas. The mid-
elevation grasslands are typical of a Chernozemic soil order that exhibits higher clay 
fractions in the surface horizon while the subsurface soils are a mix of silty clay loam and 
sandy loam. The cultivated croplands have a sandy clay loam surface horizon and a clay 
loam subsurface horizon, to be expected in areas of high tillage. The grassland region is 
characterized by shallower surface horizons relative to the forested area while the 
subsurface horizon is deeper. The cultivated areas have the deepest surface horizons but 
shallower subsurface horizons relative to the grasslands. 
Elevations in the Porcupine Hills are similar to the foothills in the eastern slopes 
of the Rocky Mountains, however, their geologic stratification more closely resembles 
the Cypress Hills and Milk River Ridge (AENV, 2000). The Porcupine Hills were not 
formed by the processes of mountain building, but through glacio-fluvial erosion during 
the last ice age. Consequently the underlying sandstone bedrock is not thrust-faulted but 
in the original, horizontal orientation as it was deposited (Elias, 1999). 
 The Claresholm Water Works climate station, located approximately 25km 
northeast of the Beaver Creek catchment, was chosen to drive the hydrological model. 
This station received an average annual precipitation (1971-2000) volume of 428.2mm, 
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apportioned between 304.9 mm of rain and 123.4mm of snow (Environment Canada, 
2007). Mean daily temperature in the summer is 16°C and –6.1°C in the winter. A 
complete 40-year climate record overlapping the hydrometric observations and similar 
physiographic characteristics to the Beaver Creek catchment made this the most 
representative climate station for the simulation. 
In the southern Alberta region, winter precipitation events result primarily from 
frontal air masses while summer events are typically convective in nature (i.e. June lows).  
The proximity to the eastern slopes of the Rocky Mountains exposes the area to the 
rainshadow effect and high Chinook winds (Grace, 1987). Therefore, due to the 
orographic influences on this area, it is not uncommon for a deficit in the annual moisture 
budget due to high evapotranspiration relative to precipitation. 
 
 4.3.2 Hydrological Modelling 
 4.3.2.1 The ACRU Modelling System 
The ACRU agro-hydrological modelling system was parameterized for a climate 
change impact assessment on the hydrology of the Beaver Creek. The ACRU model is a 
multi-purpose, multi-level, physical-conceptual model that can simulate total 
evaporation, soil water, snow storages and streamflow at a daily time step. The ACRU 
model is conceptual in that it theorizes the processes that govern the hydrological cycle, 
and is physical in that the physical laws of hydrology are mathematically represented 
within the conceptual framework (Schulze, 1995).  
The multi-layer soil water budgeting routine is the central focus of the models 
structure. ACRU has been developed as a total evaporation model simulating 
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hydrological processes within the atmosphere-plant-soil water interfaces (Figure 4.2). 
The total evaporation routine of the ACRU model is partitioned between growth-stage 
specific transpiration and soil water evaporation making it sensitive to changes in 
temperature (Schulze and Smithers, 1995). The concepts and structure of the ACRU 
model make it well suited to climate change impacts studies (Schulze, 1995; Schulze and 
Smithers, 1995).  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Major components of the ACRU agro-hydrological modelling system 
illustrating the distribution of precipitation within the atmosphere-plant-soil continuum 
and runoff generation processes. 
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4.3.2.2 Verification of the ACRU Modelling System 
The ACRU modelling system was verified against seasonal daily streamflow 
observations (Water Survey of Canada, 2007) for a 27- year period between the years 
1966-2005 in the Beaver Creek catchment. Verification accuracy was determined using 
objective functions of modelling performance including the coefficient of efficiency, 
coefficient of determination and mean error. The coefficient of efficiency and coefficient 
of determination are both maximized at a value of 1.0 (Schulze, 1995; Merritt et al., 
2006).  The coefficient of efficiency measures the degree of association between observed 
and simulated streamflow volume and timing while the coefficient of determination 
describes the closeness of shape between observed and simulated hydrographs. The 
maximization of the coefficient of determination depends solely on the accuracy of the 
timing of the simulation relative to the observations (Merritt et al., 2006). The mean error 
is utilized to quantify the differences in volume between observed and simulated 
streamflows at daily, monthly and annual time steps. 
 
  4.3.3 Deriving Scenarios of Future Climate 
             4.3.3.1 General Circulation Model Data 
The Pacific Climate Impacts Consortium (http://pacificclimate.org/) has made 
available monthly GCM output from all publicly available SRES model experiments. The 
GCMs in Table 4.1 correspond to the selection of models recommended by the IPCC 
Data Distribution Center Task Group on Data and Scenario Support for Impact and 
Climate Analysis (IPCC-TGICA, 1999). Each of the experiments used in this sensitivity 
analysis were driven by one of six, marker emissions scenarios that resulted from the 
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Special Report on Emissions Scenarios (SRES) (Nakicenovic et al., 2000). Thus, the 
model experiments used for this study were the most recent, advanced, highest resolution, 
publicly available data for impacts research. The nearest four GCM gridcells to the study 
catchment were averaged to reduce the influence imposed by using the single, overlying 
gridcell (von Storch et al., 1993).  
  
Table 4.1: Models and experiments currently available from the PCIC (after Barrow and 
Yu, 2005). 
 
Modelling Center Country Model SRES simulations 
Canadian Center for Climate 
Modelling and Analysis 
CAN CGCM2 A2, B2 
Hadley Centre for Climate Modelling 
and Research 
UK HadCM3 A1F1, A2, B1, B2 
Max Planck Institute for Meteorology GER ECHAM4 A2, B2 
Commonwealth Scientific and 
Industrial Research Organization 
AUS CSIRO-Mk2 A1, A2, B1, B2 
Geophysical Fluid Dynamics 
Laboratory 
USA GFDL-R30 A2, B2 
National Centre for Atmospheric 
Research 
USA NCAR-PCM A2, B2, A1B 
Centre for Climate Research Studies JPN CCSR/NIES A1F1, A1T, A1B, 
A2, B1, B2 
 
4.3.3.2 Climate Change Scenario Selection 
A method consisting of a combination of the hypothetical technique (e.g. Nemec 
and Schaake, 1982; Xu, 2000) with projections from all available GCMs, facilitated a 
less-biased sensitivity analysis to the full range of projected regional climates. Five GCM 
experiments were selected based on their representation of the range of possible future 
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climates of warmer-wetter, warmer-drier, median, hotter-1wetter and hotter-drier. Where 
the selection was complicated by similarities between the experiment results, selection 
was based on the greatest change in precipitation.  
 The proposed method satisfied the final recommendation of Smith and Hulme 
(1998) by applying a range of GCM- based scenarios. This resulted in a hypothetical 
“envelope” of the projected alternatives of future climate and constructed an appropriate 
stimulus for the analysis of future hydrology in Beaver Creek. This method of climate 
scenario selection was adapted from Barrow and Yu (2005) who constructed climate 
scenarios for the province of Alberta. 
  
4.3.3.3 Regional Downscaling  
The “delta” method (Arnell, 1996; Hay et al., 2000) has been used to downscale 
GCM output in several regional hydrological impacts studies (Morrison et al., 2002; 
Schulze and Perks, 2003; Andreasson et al., 2004; Loukas et al., 2004; Cohen et al., 
2006; Merritt et al., 2006). This method calculates the relative change, of a GCM-derived 
climate variable, between the baseline period (1961-1990) and a future time period. 
Observed climate records are assumed to be more accurate at capturing local behavior of 
climate variables than raw GCM output. Therefore, monthly change fields calculated by 
the delta method were utilized to perturb the locally representative observed climate 
record. Future temporal scales assessed in this study followed the IPCC-TGICA (1999) 
recommended periods of 2020s (2010-2039), 2050s (2040-2069) and the 2080s (2070-
2099). Thirty-year periods are believed to capture the normal range of inter-annual 
                                                 
1
 “hotter” designates those scenarios which have higher projected temperature increases than the “warmer” 
designation as the models unanimously predict warmer temperatures in all scenarios at all timesteps. 
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variability while preserving the longer multi-decadal climate change signal (IPCC-
TGICA, 1999). 
This hydrological assessment of Beaver Creek required monthly changes to be 
calculated for minimum temperature, maximum temperature and precipitation. Changes 
in both temperature variables were calculated as the absolute change and changes in 
precipitation were calculated as a ratio change in the mean of the monthly precipitation. 
The 12 monthly mean changes were smoothed by a Fourier transformation (Epstein 1991; 
Schulze, 1995; Morrison et al., 2002) that constructed continuous daily adjustments for 
minimum and maximum temperature and precipitation. This procedure reduces the 
discontinuities between monthly values, producing a more natural intra-annual signal.  
The delta method applies the climate change signal to the mean of the observed data, 
however, it does not account for the anticipated changes to the variability of future 
climate (Wood et al., 1997; Hay et al., 2000).  
For the purposes of this study, the thirty-year record of observations (1961-1990) 
was assumed to reflect the regional variability imposed by large-scale indices such as the 
Pacific Decadal Oscillation and the El Nino Southern Oscillation. While the behavior of 
these indices and climate variability as a whole are anticipated to change in the future, 
this method assumed no change from the 1961-1990 baseline period.  
Application of the above method resulted in a complete 30-year, daily climate 
record that reflected the spatial and temporal behavior of the climate station, while 
representing the monthly changes projected by a GCM for this region. The delta method 
eliminated the error between surface climate and the GCM by taking the mean monthly 
relative change between the GCM modelled baseline (1961-1990) and future climates 
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(i.e. 2020, 2050, 2080). This provided a relatively simple method to test the sensitivity of 
a particular variable (i.e. streamflow) to a range of future climates. The transformed 
monthly changes were applied to the observed climate for five scenarios, each with three 
time periods. The original station observations were used as the baseline scenario to 
compare the 15 model runs, and determine the hypothetical change in future hydrological 
conditions. 
 
4.3.4 Analysis of Future Hydrological Conditions 
 The analysis of the scenarios was primarily focused on how the changes in 
temperature and precipitation affect the hydrological regime of Beaver Creek. The results 
were focused on how the scenario-derived future projections in temperature and 
precipitation affected the major water balance components, annual flow volume, 
seasonality of the hydrologic regime, date of peak flow and magnitude of the peak flow 
event. The date and magnitude of peak flow were determined using the average Julian 
day where peak flow occurred over the 30-year simulation period. The results were 
compared over the three recommended time periods, and were analyzed relative to the 
baseline simulation. 
 
4.4 Results 
 4.4.1 Verification of the Hydrological Modelling System 
 The ACRU model simulated the observed streamflow record in the Beaver Creek 
with reasonable accuracy over the 27-year verification period. Figure 4.3 illustrates the 
simulated and observed mean daily hydrographs. The coefficient of efficiency (0.77), 
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coefficient of determination (r2 =0.78) and an average monthly over- simulation of 3.5% 
indicate a reasonable fit between observed and modelled monthly flows, taking into the 
consideration the accuracy of both the timing and volume of simulated flows. Visual 
inspection of the simulated mean annual hydrograph (Figure 4.3) shows that the timing 
and magnitude peak flow event and baseflow period were simulated with accuracy. The 
ACRU model had greater success in simulating the monthly and seasonal streamflow 
volumes in the Beaver Creek. It was determined that the accuracy of the ACRU model 
achieved over the verification period was sufficient for simulating the mean response to 
climate change scenarios.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3:  Simulated and observed mean daily hydrographs, 27-year verification 
sample of the Beaver Creek. The subset (b) illustrates the timing of peak flow. 
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4.4.2 Climate scenario selection 
 The climate scenario selection consisted of 27 experiments output from GCM 
runs of the SRES emission scenarios, over the three recommended time periods. Only the 
experiments with outputs for monthly precipitation and minimum and maximum 
temperature were included in the analysis, as these variables were required by the ACRU 
modelling system. Climate scenarios were selected based on the distribution of mean 
annual temperature and precipitation over the 2020s. The 2020 period was used, as the 
projections for the nearest time periods are believed to have the least uncertainty (Barrow 
and Yu, 2005).   
The distribution in Figure 4.4 illustrates that the models were not in uniform 
agreement as to the direction or magnitude of changes for the 2020s.  The distribution of 
model experiments in Figure 4.4 illustrates the agreement amongst the models of an 
increase in mean annual temperature. The magnitude of change ranged between 0.36°C 
and 2.14°C increase from the 1961-1990 mean. Model predictions for the change in 
precipitation (percent) were considerably more variable, ranging from an annual increase 
of 9.42% to a decrease of 5.01% relative to baseline conditions. The medians indicated 
that while the experiments were quite well distributed in both increasing and decreasing 
precipitation, a higher number of experiments projected an increase of annual 
precipitation.  
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Figure 4.4: Mean annual projections of all publicly available GCM experiments for change in mean annual temperature (°C) and the 
mean annual change in precipitation (%) for the period 2010-2039 over the Beaver Creek catchment. Colors denote different models 
while symbols reflect different SRES emissions scenarios. Dashed black lines represent the median of all available scenarios and 
boxed scenarios represent the selected scenarios (After Barrow and Yu, 2005).
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 Five scenarios of future climate were selected based on their predictions for 
annual temperature and precipitation changes for the 2020 period of warmer wetter 
(WW), warmer drier (WD), median (MD), hotter wetter (HW) and hotter drier (HD) 
climates.  The resulting five scenarios consisted of a range of GCMs and SRES emissions 
scenarios (Table 4.2). The monthly changes of minimum, maximum temperature and 
precipitation from each of the five scenarios were used to perturb the 1961-1990 baseline 
observed climate at the Claresholm Waterworks station. This provided the input to the 
ACRU hydrological modelling system for future hydrological scenarios. 
 
Table 4.2: Models and experiments used in this study (after Barrow and Yu, 2005). 
 
Scenario              GCM Emissions Scenario Resolution (°) 
HD ECHAM4 B2 (1) 2.8 x 2.8 
HW CSIRO-Mk2 A1 (1) 5.6 x 3.2 
MD CGCM2 B2 (1) 3.75 x 3.75 
WD CCSR A1T 5.62 x 5.62 
WW NCAR-PCM B2 (1) 2.8 x 2.8 
 
 The mean annual changes in temperature and precipitation as well as the mean 
seasonal changes in temperature and precipitation for the five representative scenarios are 
presented in Table 4.3. It is important to note that since the selection of the representative 
scenarios were based on the relative performance of the GCMs over the 2020 period, the 
five representative scenarios in the 2050 and 2080 periods do not necessarily reflect the 
same relative distribution.  Thus, the interpretation of the results herein must be directly 
related to the individual scenario changes in temperature and precipitation as illustrated in 
Table 4.3. The scenarios in which this occurs are denoted by an * in Table 4.3. 
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Table 4.3: Mean annual and seasonal GCM projections of temperature and precipitation for 2020, 2050 and 2080 periods. 
Temperature is expressed as mean change in degrees Celsius relative to the 1961-1990 baseline and precipitation is expressed as the 
percentage change in mean precipitation relative to the 1961-1990 baseline. The seasonal periods are defined as Winter (DJF), Spring 
(MAM), Summer (JJA) and Fall (SON). 
 
 Mean Annual GCM Projections Mean Seasonal GCM Projections 
Scenario Period    Temp  Precip  Winter Spring Summer Fall 
        (°C)         (%) T(°C) P(%) T(°C) P(%) T(°C) P(%) T(°C) P(%) 
HD 2020 1.7 -3.1 1.4 4.9 1.0 -2.8 2.5 -15.5 1.8 1.1 
HW 2020 1.8 3.2 2.6 16.5 1.3 4.3 1.6 -5.3 1.6 -2.9 
MD 2020 1.2 1.0 1.6 10.0 1.6 2.8 1.6 -5.6 0.7 -3.2 
WD 2020 0.9 -3.0 -0.2 -5.5 1.8 1.7 1.2 -3.5 0.9 -4.8 
WW 2020 0.9 5.3 1.7 0 0.7 12.4 1.1 10.2 1.2 -1.5 
     
 
 
 
 
   
HD* 2050 2.8 1.6 1.8 9.1 1.8 6.7 1.9 -10.4 1.8 0.8 
HW 2050 3.5 2.6 3.9 19.4 2.8 19.0 3.5 -15.5 3.8 -12.4 
MD* 2050 2.4 2.3 2.6 8.9 3.2 4.4 2.2 -5.7 1.6 1.4 
WD* 2050 4.3 2.5 4.5 9.4 4.4 9.9 4.3 -3.5 4.1 -5.8 
WW 2050 1.5 6.0 1.3 1.3 1.3 7.4 2.0 5.2 1.6 10.2 
     
 
 
 
 
   
HD* 2080 4.0 -0.2 3.7 12.3 2.8 7.2 5.2 -17.9 4.1 -2.4 
HW 2080 5.1 9.3 6.4 33.0 3.8 27.4 5.0 -15.2 5.2 -7.8 
MD* 2080 3.2 3.7 3.5 8.1 4.5 13.1 2.9 -9.7 2 3.4 
WD* 2080 6.4 8.4 6.9 13.8 6.4 19.8 6.3 -2.1 5.8 2.1 
WW 2080 2.0 15.3 2.2 11.2 1.6 20.5 2.3 17.1 2 12.5 
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 4.4.3 Simulated Mean Annual Water Balance Components 
 The simulated changes in the mean annual water balance components are listed in 
Table 4.4. A current limitation of the ACRU modelling system is that it does not consider 
the initial catchment conditions (i.e. ‘warming up’ period), such as the average 
groundwater storage. Therefore, a small percentage of the annual input (<1%) is not 
allocated to the major water balance components (< 4mm). 
 
 
Table 4.4: Mean annual water balance components simulated by the ACRU model for 
the baseline, 2020, 2050 and 2080 time periods. Total precipitation (summation of rain, 
snow and mixed precipitation), APAN (Potential evapotranspiration), AET (Actual 
evapotranspiration from all storages, including interception) and Q (Total streamflow) are 
expressed in millimeters. The WB (water balance) reflects the residual water not 
allocated due to ‘warming up’ period. 
 
 Period Rain 
(mm) 
Snow 
(mm) 
Mixed 
 (mm) 
Total P 
   (mm) 
APAN 
  (mm) 
AET 
(mm) 
    Q 
(mm) 
  WB 
(mm) 
Baseline  61-90 218 209 33 460 959 431 25 4 
HD 2020 228 176 30 435 1111 411 20 3 
HW 2020 245 186 36 466 1106 435 28 3 
MD 2020 250 181 30 462 1089 433 25 3 
WD 2020 245 171 32 448 1089 422 22 3 
WW 2020 282 179 33 494 1085 461 29 3 
          
HD 2050 252 179 29 459 1156 430 26 3 
HW 2050 242 179 39 460 1180 423 34 3 
MD 2050 266 169 33 468 1141 440 25 3 
WD 2050 269 162 35 467 1216 436 28 2 
WW 2050 281 177 32 490 1106 460 27 3 
          
HD 2080 240 173 30 443 1208 415 26 3 
HW 2080 267 182 38 487 1245 444 40 2 
MD 2080 280 161 34 475 1179 445 28 3 
WD 2080 310 148 40 497 1302 463 32 2 
WW 2080 303 194 37 534 1116 493 38 3 
 
 
 91 
 4.4.3.1 Precipitation 
 Annual precipitation volume increased in the majority of scenarios (Table 4.4). 
Reductions of annual precipitation below the baseline volume (460mm/year) occurred in 
the HD (435mm/year) and WD (448mm/year) scenarios over the 2020 period. Beyond 
the 2020 period, marginal reductions in annual precipitation occurred in the HD scenario 
over the 2050 period, while the largest reduction of annual precipitation occurred in the 
HD 2080 scenario (443mm/year). All scenarios resulted in a greater volume of the 
precipitation as rainfall and reduction in the volume of precipitation as snowfall.  
 Over all time periods the largest reductions in snow below the baseline 
conditions occurred in the WD scenario, which was the only scenario to experience a 
reduction of winter precipitation over the 2020 period and also had the largest increases 
in winter temperatures in the later time periods (Table 4.3). The smallest reductions over 
the 2020 and 2050 periods occurred in the HW scenario, which also had the largest 
increases in winter precipitation. The smallest reduction over the 2080 period occurred in 
the WW scenario, which experienced the least increase in winter temperature. 
  
 4.4.3.2 Potential Evapotranspiration  
 Potential evapotranspiration was estimated using the Penman (1948) method but 
is expressed in the standardized ACRU format as the equivalent APAN evaporation 
(Table 4.4). The simulated baseline (’61-‘90) mean annual APAN (959mm/year) was 
verified for accuracy against lake evaporation in the Beaver Creek region. Modelled lake 
evaporation of 756mm/year (AENV, 2005) converted to a Pan-equivalent of 995mm/year 
using a 30% conversion according to Linacre (1993).  
 92 
 APAN equivalent potential evapotranspiration increased beyond the baseline 
simulation in all scenarios. The greatest increases occurred in the scenarios with the 
greatest increase in temperature (Table 4.3), and each scenario increased throughout the 
time periods with the greatest increases of APAN potential evapotranspiration projected 
for the 2080 period. 
 
 4.4.3.3 Actual Evapotranspiration  
 The simulated changes in actual evapotranspiration (AET) reflected the changes 
in available moisture (i.e. free water) throughout the scenarios. Over the 2020 period, 
both dry scenarios exhibited a decrease in AET. The WW scenario, which also 
experienced the highest increase in annual precipitation, had the largest increase relative 
to baseline conditions (Table 4.3). The largest decrease in AET over the 2050 period 
occurred in the HW scenario, while in the 2080 period, the greatest decrease occurred in 
the HD scenario. In all scenarios, the changes in AET are related to the changes in 
precipitation (Table 4.3). 
 
 4.4.3.4 Streamflow 
  The simulated changes in mean annual streamflow (Q), relative to the baseline, 
reflected the changes to the simulated water balance components (Table 4.4). Over the 
2020 period, two scenarios exhibited reductions of mean annual flow with the greatest 
reduction occurring in the HD scenario. By the 2050 and 2080 periods, all scenarios 
simulated no change or an increase in annual flow volume. While the majority of these 
scenarios exhibited minor increases in annual flow volume, the HW and WW scenarios 
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exhibited a significant increase in annual volume in the 2080 period. Overall, the 
simulated changes in mean annual streamflow in the 2020 2050 and 2080 periods were 
negligible with respect to the uncertainty in the model parameterization and water 
balance accounting.  
 
4.4.4 Mean Seasonal Flow Volumes 
 The seasonal contributions to mean annual streamflow were calculated for the 
baseline and each scenario over the three time periods (Table 4.5). The baseline period 
received the greatest contribution to annual streamflow from the spring (March, April and 
May), followed by summer (June, July, August), winter (December, January, February) 
and fall (September, October, November) seasons respectively. This inter-annual 
behaviour was maintained by all scenarios in the 2020 simulations. However, in the 2050 
time period the HW and WD scenarios simulated a seasonal shift where the winter 
volume became the second largest contributing season to annual streamflow. Similarly in 
the 2080 period, this shift also occurred in the HD, HW and WD scenarios. 
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Table 4.5: Mean changes in seasonal streamflow for 2020, 2050 and 2080 periods in 
millimeters of streamflow from 1961-1990 baseline. 
 
  Winter  Spring  Summer  Fall 
           (mm)          (mm)             (mm)          (mm)  
Baseline 2.3  13.8  6.9  1.8  
HD2020 3.1  12.1  4.0  1.1  
HW2020 4.4  17.6  5.0  1.3  
MD2020 3.8  14.5  5.8  1.1  
WD2020 2.1  13.5  5.3  1.3  
WW2020 3.0  14.9  9.1  1.9  
         
Baseline 2.3  13.8  6.9  1.8  
HD2050 3.9  16.1  4.7  1.6  
HW2050 5.9  22.1  5.6  0.4  
MD2050 4.1  14.4  5.6  1.4  
WD2050 5.1  16.9  4.9  1.1  
WW2050 3.1  14.1  8.1  2.1  
         
Baseline 2.3  13.8  6.9  1.8  
HD2080 4.6  16.4  4.0  0.7  
HW2080 8.6  25.9  5.3  0.6  
MD2080 4.7  16.2  5.4  1.4  
WD2080 6.4  18.8  5.5  1.7  
WW2080 4.6  19.2  11.4  2.6  
 
 The seasonal streamflow response to the climate change scenarios in the 2020 
period exhibited a range of seasonal variations between the five scenarios. The WW 
scenario resulted in an increase of streamflow in all seasons, while the WD scenario 
resulted in a reduction across all seasons. Seasonal streamflow was reduced below the 
baseline scenario in all seasons except winter in the HD scenario. There was also an 
increase in winter and spring and decrease of summer and fall streamflow volumes in the 
HW and MD scenarios. The increased winter and spring volumes simulated over the 
2020 period were consistent in the majority of scenarios (4 of 5) in the 2050 and 2080 
time periods. The outlying response occurred in the WW scenario, which consistently 
projected an increase in the volume of streamflow in every season, over all time periods. 
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The simulated seasonal streamflow volumes for the baseline period were 2.3mm, 
13.8mm, 6.9mm and 1.8mm for winter, spring, summer and fall seasons respectively. 
Over the 2020 period the range of simulations (i.e. minimum and maximum scenarios) 
were between 2.1mm - 4.4mm for winter, 12.1mm – 14.9mm for spring, 4.0mm – 9.1mm 
for summer and between 1.1mm – 1.9mm for the fall season. By the 2050 period, the 
range of changes expanded in most seasons between 3.1mm – 5.9mm, 14.1mm – 
22.1mm, 4.7mm – 8.1mm and 0.4mm – 2.1mm for the winter, spring, summer and fall 
seasons respectively. And finally, for the 2080 time period, an even greater range of 
changes is projected where seasonal streamflow volume is projected to be between 
4.6mm – 8.6mm, 16.4mm – 25.9mm, 4.0mm -11.4mm and 0.6mm – 2.6mm for the 
winter, spring, summer and fall seasons respectively. 
 
4.4.5 Peak Streamflow 
 4.4.5.1 Date of Peak Streamflow 
 The date of peak streamflow historically occurred in the rainfall driven portion of 
the Beaver Creek hydrograph (second maxima) as illustrated in Figure 4.3. This date 
signifies the central tendency of the hydrograph and provides an indication of the 
seasonal distribution of streamflow production. Over the 2020 period, the greatest 
advancement in peak flow date occurred in the HD scenario (38 days earlier), the 
smallest advancement occurred in the WD scenario (10 days earlier) and the WW 
scenario projected a delay of peak flow by 12 days (Table 4.5). A similar range of 
simulations occurred in the 2050 and 2080 periods with the HD scenario projecting the 
largest advancement and the WW projecting a later peak flow date. 
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 4.4.5.2 Magnitude of Peak Streamflow 
 Over the 2020 and 2050 periods, the magnitude of peak flow (Table 4.5) increases 
in both wet and MD scenarios and decreases in both dry scenarios, relative to the baseline 
peak flow volume. The MD scenario projected an increase in peak flow magnitude in the 
2020 period however by the 2050 period, peak flow magnitude is reduced (-1.9%) from 
baseline conditions. By the 2080 period, all scenarios projected an increase in peak flow 
magnitude with the exception of the HD scenario, which projected a 13.8% decrease 
from the baseline values. Over the three simulated future time periods, HD was the only 
scenario to consistently project decreases in the peak flow magnitude while both wet 
scenarios projected increases throughout all three future time periods. 
 
Table 4.6: Mean change in peak flow date (days) and peak flow magnitude (% relative to 
baseline) for all scenarios at the over the three time periods. 
 
Scenario                            Period               ∆ Days                  Magnitude (%) 
HD 2020 -38.0 -30.3 
HW 2020 -28.0 14.1 
MD 2020 -22.0 1.9 
WD 2020 -10.0 -12.7 
WW 2020 12.0 19.4 
        
HD 2050 -41.0 -2.8 
HW 2050 -36.0 45.0 
MD 2050 -8.0 -1.9 
WD 2050 -18.0 -2.2 
WW 2050 11.0 17.5 
        
HD 2080 -35.0 -13.8 
HW 2080 -18.0 67.0 
MD 2080 -18.0 7.0 
WD 2080 -13.0 13.3 
WW 2080 14.0 43.7 
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4.5 Discussion 
 4.5.1 Projected Climate Change 
 The selection of scenarios from the 2020 period reflected the range of uncertainty 
in future regional climate projections. Through all time periods and across all scenarios, 
there was a projected increase in mean annual temperature from the baseline, and greater 
increase of mean annual temperature in more distant decades. For the 2020 selection 
period, wet and dry scenarios projected increases and decreases in annual precipitation 
from the baseline period. However, in the future time periods (2050 and 2080), annual 
precipitation was projected to increase in all scenarios, with the exception of the HD 
scenario in the 2080 period. Therefore, in some cases, the drier scenarios in later time 
periods reflected an increase in annual precipitation.  
 All scenarios, with the exception of HD 2020, HD 2080, and WD 2020, projected 
an increase in annual temperature and precipitation similar to the most recent summary of 
regional climate projections in North America (Christensen et al., 2007). The range of 
annual mean temperature and precipitation projections over the 2020 period was similar 
to the projections for the province of Alberta by Barrow and Yu (2005). They projected a 
range of increases in mean temperatures between 0°C to 2°C and a range between 
decrease of 10% and an increase of 10% change in mean annual precipitation over the 
2020 period. The trend in seasonal projections which indicated increased winter and 
spring precipitation and decreased summer precipitation over the 2020 period (MD, HW, 
HD), was comparable to the projections in southern regions of Canada concluded by the 
IPCC (Christensen et al., 2007).  
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 The application of a sensitivity analysis to the full range of plausible future 
regional climates was complicated by the variability between the GCM projections for 
this region, common to areas with strong orographic forcing (Christensen et al., 2007). 
The selection of the five representative scenarios was based on the mean annual 
projection for both temperature and precipitation over the 2020 period. However, at later 
time periods, the seasonal and monthly projected changes did not result in a consistent 
representation of the range of the original five scenarios. An example of this was 
illustrated in the 2050 and 2080 periods when the HD scenarios did not project as large a 
warming as the WD scenarios, which complicated the interpretation of the results. 
  
4.5.2 Sensitivity of the ACRU Modelling System to Climate Scenarios 
 The sensitivity of the ACRU modelling system to the projected changes in 
temperature and precipitation were reflected in the changes in the major annual water 
balance components (Table 4.4). The sensitivity of the ACRU modelling system to 
changes in winter temperature was seen in reduction of snow, relative to the baseline, at 
every time period and across all five scenarios. The ACRU snowmelt module is based on 
a threshold of temperature, which determines the form of precipitation and thus the 
changes in snow storage. The changes in the simulated precipitation were consistent with 
other research that investigated the impacts of climate change in mountainous catchments 
(Hamlet and Lettenmaier, 1999; Loukas et al., 2002). The reduction of snow 
accumulation due to increased winter temperatures has been illustrated in several studies 
in western Canada (Loukas and Quick, 1996; Loukas et al., 2004; Lapp et al., 2005). The 
simulated change in the form of precipitation in the Beaver Creek was also consistent 
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with the findings of Whitfield et al. (2002) who projected an increase in rain on snow 
events in hybrid catchments in southern British Columbia.  
The changes in the peak flow date were also impacted by the effect that increased 
winter temperatures have on the precipitation form and snowmelt behavior. In the drier 
future scenarios, the smaller volume of snowpack melted quicker under higher 
temperatures, and resulted in earlier peak flow dates relative to scenarios with the highest 
increase in temperature. The volume of snowpack also influenced the changes in the 
magnitude of the peak streamflow event. 
 The simulated changes in annual actual evapotranspiration confirmed that the 
ACRU modelling system was sensitive in the soil moisture budgeting and total 
evaporation routines, as the annual changes appear to be consistent with changes in 
available moisture (i.e. precipitation). Annual potential evapotranspiration increased from 
the baseline in every scenario while annual actual evapotranspiration was limited by 
available moisture in the dry scenarios over the 2020 period. Additional reductions of 
actual evapotranspiration occurred in the HD and HW scenarios over the 2050 period, 
which incurred the largest reductions of summer and fall precipitation (Table 4.3). A 
similar response of actual evapotranspiration was observed in the HD 2080 scenario 
where an annual reduction of precipitation (-0.2%) was projected. This illustrated the 
resilience of actual evapotranspiration to warmer temperatures (i.e. potential 
evapotranspiration) in a semi-arid climate. The HD 2080 scenario did not result in a 
decrease of annual streamflow, however, relative to the other scenarios over this period, 
the increase in this scenario was negligible (2.8%) (Table 4.4). 
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 Changes in annual precipitation volume had a discernible impact on simulated 
streamflow volume. The two scenarios with the largest decreases in annual precipitation 
(HD 2020 and WD 2020) resulted in the only reductions in annual streamflow volumes 
out of the 15 simulations. Beyond the 2020 period, all five scenarios were in agreement 
on the increasing mean annual volume of streamflow in the Beaver Creek streamflow. 
While they were not exclusively related to the projected changes in precipitation, they 
were substantially influenced by increases in mean annual precipitation. The annual 
results indicated that with future warming, it is probable that wet years may result in 
higher annual volumes while dry years may have an opposing effect on the total annual 
streamflow volume. 
      
 4.5.3 Seasonal Shifts in Hydrology 
 The simulations of streamflow in the Beaver Creek revealed a shift in the seasonal 
streamflow distribution beyond the 2020 time period. In each season, the majority of 
scenarios were in agreement on the direction of change, which projected higher winter 
and spring flow volumes, and reduced summer and fall flow volumes relative to the 
baseline simulation. Byrne et al. (1999) estimated that spring runoff volumes in the 
Oldman Basin would increase in a 2 X CO2 climate. Leith and Whitfield (1998) also 
found that warmer temperatures resulted in higher winter flows and reductions in summer 
and fall streamflow volumes in south-central British Columbia. In the semi-arid 
Okanagan Basin, Cohen et al. (2006) and Merritt et al. (2006) found that future scenarios 
projected reductions of summer flow volumes. In the future, while the annual volumes 
may increase due to warmer and wetter winter and spring seasons, the ACRU model has 
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simulated an overall drying and concomitant lower streamflows in the majority of 
summer and fall seasons beyond the 2020 period. 
   
 4.5.4 Impact of Climate Scenarios on Late Season Flows 
The seasonal results have indicated that water supply will be dramatically reduced 
in the summer and fall seasons. To gain a better perspective on the maintenance of 
baseflow volumes in the Beaver Creek, the relationship between seasonal precipitation 
and late season streamflow was investigated based on available climate and hydrological 
observations. A number of predictors such as seasonal precipitation, rain and snow were 
tested for their ability to establish a linear relationship with mean volumes of streamflow 
in the late summer/early fall period. Of all possible combinations of months, seasons and 
forms of precipitation, the only significant relationship that emerged in a stepwise 
multiple linear regression was predicted by spring (MAM) rainfall (R2= 0.37, n=39). 
Seasonal snow volume and summer rainfall made no contribution to the linear regression 
model. 
 These results have indicated that it is plausible that groundwater recharge in the 
spring melt period may have the greatest effect on baseflow production in the summer 
and fall months. Similarly, Rock and Mayer (2006) concluded through isotope analysis 
that groundwater is a principal contributor to peak streamflow in the Oldman Basin. The 
Beaver Creek is a perennial stream, yet the majority of precipitation is received in the 
months of May, June and July. Therefore, a significant portion of perennial flow is likely 
maintained by groundwater. Understanding how the projected changes in annual 
temperature and precipitation will manifest in groundwater recharge and thus baseflow 
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volumes is essential to estimating the full range of impacts on the hydrological regime of 
the Beaver Creek. 
 The climate change projections for the Beaver Creek (WD 2020 excluded) would 
suggest that a higher volume of liquid water would be available in the winter season 
(more precipitation as rainfall) for infiltration and contribution to the groundwater store. 
However, despite the presence of warmer and wetter winters, four of the five scenarios 
projected decreases in the fall streamflow volume. A closer examination of the 2050 
simulations illustrated the impact of the changes in temperature and precipitation on the 
simulated storages, and thus water available for baseflows in the fall season. 
 Soil moisture storages are shown to be increasing above baseline conditions 
beginning in the early winter and continuing through early spring (Figure 4.5). Beyond 
the Julian day 106 (April), this storage falls below the baseline condition until Julian day 
320 (November). Figure 4.6 shows that actual evapotranspiration, simulated by the 
ACRU model, responded to the higher potential evapotranspiration and exceeded the 
baseline in the winter months (Julian dates 350-46). This response proceeded until Julian 
day 75 (April), when several of the scenarios fell below baseline evapotranspiration, 
which indicated that moisture was limited at this point. Actual evaporation was below the 
baseline level in the majority of scenarios after Julian day 197 (July). 
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Figure 4.5: Mean monthly change in soil moisture content of surface and subsurface 
horizons over the 2050 period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: Mean monthly change in actual evapotranspiration for the 2050 period. 
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In the ACRU model, groundwater storages are recharged when soil moisture 
levels exceed the field capacity of the subsurface soil horizon, and water is redistributed 
to the groundwater storage. Therefore, a reduction of soil moisture below baseline 
conditions resulted in a reduced number of events when soil moisture exceeded the field 
capacity. Consequently, this resulted in a reduction of the total volume of groundwater 
recharge and thus baseflow storage (Figure 4.7). The warmer and drier summer 
conditions resulted in an earlier recession of the baseflow store relative to the baseline 
period. Near Julian day 320, the baseflow storage did not contain the volume required to 
sustain baseflow contributions of the baseline period. In addition to the reductions of 
precipitation, reduced groundwater contribution may have contributed to the declining 
flows simulated by four of the five scenarios in this period.  
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 4.7:  Mean monthly change in baseflow storage for the 2050 period. 
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 4.5.5 Uncertainty 
The interpretation of the simulations presented here is limited due to the 
assumptions and uncertainties in both data and methods. The validity of the hydrological 
model over the verification period has a significant influence on the bias of the results as 
the best parameterization resulted in a 3.5% mean monthly under-simulation. The 
simulations of future hydrological response also assume that the parameterization for the 
1965-2005 period will be accurate in future climates. Further, the Beaver Creek 
catchment was assumed to have no groundwater exchange with neighboring watersheds. 
The assumption was that the catchment received no groundwater contribution from 
outside the watershed, and released all groundwater upstream of the catchment outlet (i.e. 
the gauging station). 
 The results simulated for the Beaver Creek catchment illustrated that the choice of 
downscaling method likely impacted the outcome of results. Akinremi et al. (1999) found 
that, while annual precipitation in the Prairies increased in recent decades, the total 
precipitation volume was attributed to a higher frequency of low-intensity events. 
Applying the mean monthly change between the baseline climate and future climates 
(delta method) assumed that the variability observed in the baseline period would persist 
in the future. This method does not account for changes in the behaviour of future 
meteorological variables, particularly important for projections of precipitation. The 
importance of groundwater recharge in the Beaver Creek suggests that both the frequency 
and intensity of future precipitation may impact infiltration and depression storages. 
Methods such as statistical downscaling, which use daily GCM output rather than the 
mean change, may prove to be beneficial in addressing these research questions. 
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4.6 Conclusion 
 This study examined the impact of climate change on the hydrological regime of 
the Beaver Creek catchment. This research was focused on examining the effects of the 
range of projected regional climate changes on the hydrological response. Previous work 
in the Oldman Basin had not explicitly focused on climate change impacts in a hybrid 
catchment, nor had a study focused on modelling hydrological response in the Porcupine 
Hills. The simulations of the potential future hydrology in the Beaver Creek have 
illustrated the sensitivity of hydrological processes to changes in temperature and 
precipitation. This has provided important information on the future of water availability 
in the Beaver Creek based on changes in climate presently forecast by GCMs for this 
region. 
 The projections for future regional climate are within the range reported for North 
America and the province of Alberta. All scenarios were in agreement on the increase of 
mean annual temperature in the future. Projections of future regional precipitation were 
less certain in the direction of change, however, the majority of models projected 
increased annual volumes, particularly in later time periods.  
  Hydrological simulations of these projections have shown that, while the 
majority of scenarios projected an increase in annual precipitation, the seasonal 
availability of streamflow, particularly in the summer and fall months, was affected by 
the seasonal projections of temperature and precipitation. The majority of scenarios 
projected increased winter and spring precipitation while summer and fall precipitation 
was projected to decrease below the baseline volume. As a result, the majority of 
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hydrological simulations (i.e. 4 of 5 scenarios) indicated an increase in winter and spring 
streamflows and a decrease of summer and fall (late) season streamflow volumes.  
The 1961 – 1990 baseline simulations for summer and fall streamflow volumes 
were 6.9mm and 1.8mm respectively. Of the scenarios that projected a reduction in these 
volumes (4 of 5), the range of reductions for the 2020 time period projected streamflow 
to decline between 4.0mm - 5.8mm and between 1.1mm - 1.3mm for summer and fall 
seasons respectively. By the 2050 period, this range was simulated between 4.7mm – 
5.6mm for summer and between 0.4mm and 1.6mm for the fall season. Finally, by the 
2080 period, the range was simulated between 4.0mm – 5.5mm and between 0.6mm – 
1.7mm for the summer and fall seasons. 
The shift in seasonal streamflow volume was also observed in the earlier 
occurrence of the peak flow event in the majority of the scenarios. The simulated soil 
water storages have also illustrated the importance of groundwater in the hydrology of 
the Beaver Creek and its potential vulnerability to climate change, despite projections of 
warmer and wetter winters in the future. 
 This research provided an initial indication of the impacts of climate change on 
hydrological processes in a southern Alberta catchment. Future work needs to compare 
these results to simulations driven by other methods of downscaling, particularly those 
which incorporate changes in precipitation variability such as statistical downscaling. 
Recognizing that only changes to precipitation and temperature were made in these 
simulations, future work should also include changes in other meteorological variables as 
well as land cover to improve the overall simulation of the effects of climate change on 
the Beaver Creek catchment. 
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CHAPTER 5 
Summary and Recommendations 
5.1 Summary 
 This thesis applied the ACRU hydrological modelling system to a catchment in 
the Beaver Creek catchment in southern Alberta, and examined the potential impacts of 
climate change on hydrology. The first objective was to determine if the ACRU 
hydrological model could successfully simulate the observed hydrology of the Beaver 
Creek catchment. Once verified, the second objective of this thesis was to use the ACRU 
model to investigate the impacts of potential climate change on the Beaver Creek 
catchment. The completion of both objectives provided the initial investigation of climate 
change impacts on the hydrology of a hybrid catchment in the Porcupine Hills of 
southern Alberta. 
For the completion of the first objective, the ACRU hydrological modelling 
system was parameterized and verified against monthly streamflow observations in a 27-
year verification analysis. The parameterization focused on achieving the highest 
simulation accuracy of observed monthly volumes while ensuring that all parameters 
input to the modelling system were physically meaningful. 
 The ACRU simulation explained 78% of the variation in the monthly streamflow 
observations, while under-simulating the monthly volume by an average of 3.34% per 
month. The visual verification of the simulated and observed hydrographs indicated a 
reasonable simulation, particularly in the timing of peak streamflow and, rising and 
recession limbs. The mean monthly volumes were well simulated, particularly in the late 
summer and fall baseflow periods. The parameterization and verification of the ACRU 
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model for the Beaver Creek catchment provided the fundamental basis for a climate 
change impacts study. 
 Climate change scenarios were downscaled from GCM output for five scenarios 
representing warmer-wetter, warmer-drier, hotter-wetter, hotter-drier and median 
projected mean annual changes in temperature and precipitation for the southern Alberta 
region, relative to current conditions. These scenarios were downscaled using the delta 
method (Xu, 1999a), where monthly changes, determined by the GCM, were applied to a 
climate baseline of daily observations (1961-1990) in the study area. The perturbed 
climate records for the five scenarios were used to drive the parameterized ACRU model 
and simulate the hydrological response in the Beaver Creek catchment.  
 The projections of potential future climates indicated a consistent warming in all 
scenarios for the three future time periods of 2020, 2050 and 2080. Although in all 
scenarios, annual precipitation was projected to increase in all scenarios beyond the 2020 
period, the majority of scenarios indicated increased winter and spring precipitation and 
decreased summer and fall precipitation. The ACRU model simulated a similar response 
in mean seasonal streamflow volumes for the three time periods in the Beaver Creek 
catchment.  
The majority of ACRU simulations (i.e. 4 of 5 scenarios) indicated that future 
summer and fall (late) season streamflow volumes would be reduced below the 1961-
1990 mean conditions. Across the five simulated scenarios, the WW scenario consistently 
projected the only wetter conditions, which resulted in increased streamflow volume over 
the late seasons, throughout all time periods. However, the majority of the scenarios (4 of 
5) projected decreased streamflow in the late season.  
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The 1961 – 1990 baseline simulations for summer and fall streamflow volumes 
were 6.9mm and 1.8mm respectively. Of the scenarios that projected a reduction in these 
volumes (4 of 5), the range of reductions for the 2020 time period projected streamflow 
to decline between 4.0mm - 5.8mm and between 1.1mm - 1.3mm for summer and fall 
seasons respectively. For the 2050 period, this range was simulated between 4.7mm – 
5.6mm for summer and between 0.4mm and 1.6mm for the fall season. Finally, for the 
2080 period, the range was simulated between 4.0mm – 5.5mm and between 0.6mm – 
1.7mm for the summer and fall seasons. 
The reductions in seasonal water volumes in the Beaver Creek catchment were 
due to changes in the components of the regional water balance. Despite projected 
increases in winter and spring precipitation, higher potential and actual 
evapotranspiration, relative to the baseline, resulted in a reduction of soil moisture 
storages below baseline levels (Figure 4.5). This resulted in a reduction of groundwater 
recharge and a concomitant reduction in baseflow contribution to streamflows in the 
summer and fall seasons in the Beaver Creek catchment. Annual baseflow storage 
volumes simulated for the 2050 period were reduced by as much as 36% (MD) relative to 
the baseline conditions (Figure 4.7). 
The ACRU simulations highlighted the sensitivity of hydrological processes to 
the projected changes in monthly temperature and precipitation in this region. Despite 
increases in potential evapotranspiration, actual evapotranspiration was reduced in 
response to limited soil moisture. Additionally, the simulated redistributions of soil 
moisture, specifically groundwater recharge, have illustrated that the interactions of the 
water balance components in this region should be investigated as a system. Process-
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based hydrological modelling in this region, specifically the ACRU modelling system, 
has provided valuable insight into how projected future changes may affect water 
availability.  
The results of the Beaver Creek catchment were similar to those concluded in 
previous research that have investigated the impacts of climate change on the 
hydrological systems and processes in western Canada. Whitfield et al. (2002) concluded 
that hybrid streams in southwestern British Columbia would experience increased winter 
flows under scenarios of future climate, similar to the projections for the Beaver Creek 
catchment. Seasonal departures from present conditions in the late season were also 
concluded by Merritt et al. (2006), who projected reductions of summer streamflow 
volumes between 50% and 80% by the 2080 time period in subwatersheds of the semi-
arid Okanagan Basin. They also simulated reduced seasonal flow volumes despite 
increased winter precipitation, and found variable responses of annual flow volumes 
under different climate change scenarios in the Okanagan subwatersheds, similar to the 
results in the Beaver Creek catchment. The mountain headwater areas of the Oldman 
Basin were investigated by Lapp et al. (2005) who projected that winter snowpack would 
decline over the period 2021 through 2050, which would lead to potential issues for water 
resources. Similarly, the Beaver Creek simulations have illustrated the potential reduction 
of available water resources in the semi-arid, Porcupine Hills area of the Oldman Basin 
beginning as early as the 2010-2039 time period. 
The simulations of potential future hydrological responses presented in this 
research have illustrated that climate change could seriously reduce the availability of 
water resources in the Beaver Creek catchment. The quantification of climate change 
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impacts on a tributary catchment of the Oldman Basin provided an initial indication of 
the potential impacts of climate change in this region.  The information presented in this 
thesis may be beneficial for many sectors, including agriculture, water resources and 
human and ecosystem health.  
 
5.2 Recommendations 
 Further research opportunities exist to enhance our understanding of the 
simulation accuracy of the ACRU model in this region, and the projected future regional 
changes in climate. The initial parameterization and verifications of the ACRU model in 
Beaver Creek were challenged by the limitations of the available data and the scale of 
simulation required to verify the model. It would be beneficial for future research to 
continue the development of areal data sets for this region, in particular for precipitation 
as monitoring is less prevalent in remote and high elevation regions, which constitute 
many headwater watersheds. The incorporation of remote sensing would offer additional 
benefits for land cover classification, vegetation biomass and phenology, in particular the 
response of vegetation to drought stress. More extensive field validation of modelled data 
sets would improve the confidence in model simulations and quantify the hydrological 
and meteorological processes specific to this region.  
 Given the potential changes projected for winter climate in the region, collection 
of streamflow data throughout the winter months would improve the verification of the 
winter snow modelling. The acquisition of higher resolution land cover data would also 
improve the land phase of the simulation and allow further research into “hydrologically 
relevant” parameters. The hydrological behavior of soils and vegetation in this region 
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should be studied at a local-scale to improve on the existing information. The collection, 
verification and refinement of all data would benefit the parameterization of ACRU in 
southern Alberta as well as other physically-based modelling endeavors in semi-arid 
climates in the future.  
 As with all projections of future climate change, the uncertainty of future 
greenhouse gas and aerosol emissions and their associated radiative forcing complicate 
the simulation of future global climate. However, improved regionalization of current 
GCM output in this region would be of great benefit to the validity of future research. 
The limitations of the delta method illustrated that future simulations be driven with 
scenarios that include the projected changes in precipitation variability. This could be 
achieved through the application of the statistical downscaling regionalization technique. 
The incorporation of future variability in precipitation projections would facilitate 
research focusing on the dynamics of snow, canopy and soil storage and improve the 
overall simulation of future hydrological processes in this region.  
 As a result of the semi-arid climate in southern Alberta, crop irrigation is a 
common agricultural practice. In light of the findings of this research, it would be 
beneficial to examine the impacts of climate change on catchments that have irrigated 
crops. Additional research could examine the frequency and intensity of irrigation 
applications and their impact on soil moisture volumes and soil water redistribution. 
Furthermore, the future changes in climate will presumably alter the current distribution 
and productivity of vegetation. Future simulations in Beaver Creek could examine the 
impacts of changing land use or crop water consumption on streamflow volumes.  
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This thesis has presented the initial simulations of climate change impacts on the 
Beaver Creek catchment. The results have indicated that despite projections for wetter 
years in the future, water availability in the summer and fall seasons may be 
compromised due to the projected changes in temperature and precipitation for the 
southern Alberta region. However, in the future, the investigation of the impacts of 
climate change on the entire hydrological system in southern Alberta will be necessary to 
obtain the most realistic projection of future conditions. The simulation of changes in 
both demand and supply on water resources is required if future climate change 
adaptation strategies are to be successful. 
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APPENDIX A 
 
Major Components of the ACRU Model 
 
 
A.1: Modified SCS Equation for Stormflow Depth: 
 
)1(
)( 2
cSP
cSPQ
g
g
−+
−
=  
 
 
Where: 
Q = Stormflow depth (mm) 
Pg= gross daily precipitation amount (mm) 
S= Potential maximum retention (mm), which is equated to a soil water deficit 
C = coefficient of initial abstraction. 
 
A.2: Baseflow  
 
Qb = Stb * Bcoeff 
 
Where: 
Qb = baseflow [mm] 
Stb = baseflow storage [mm] 
Bcoeff = outflow coefficient [dimensionless]. 
 
A.3 Interception: Von Hoyningen-Huene (1983) 
 
I = 0.30  + 0.27 Pg + 0.13LAI  - 0.013LAI2  +0.0285Pg.LAI - 0.007 LAI2 
 
Where: 
I = Interception (mm) 
Pg = Gross precipitation (mm) 
LAI = Leaf Area Index. 
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A.4 Reference Potential Evapotranspiration: Penman (1948) Equation 
 
Generalized Penman: 
Er = 
1+∆
+∆
γ
γ an ER
  
 
Where: 
Er  = Reference potential evapotranspiration (mm) 
∆  = Slope of the saturation vapour pressure curve
 
nR = Net radiation (i.e. the energy budget component) 
γ   = Psychrometric “constant” 
aE  = Mass transfer component for a vegetated surface. 
 
A.4.1 Mass Transfer Component ( aE ): 
 
aE = 3.985x10
-7
 (160.9 + u2kd)(100 - RH) ea 
 
Where: 
aE = Mass transfer component of the Penman evaporation equation (MJ.m-2.day-1) 
u2kd= Windrun at 2m (km.day-1) 
RH= Mean daily relative humidity (%) 
ea = Saturate vapour pressure at air temperature (Pa). 
 
Saturated Vapour Pressure (ea): 
 
ea = 610.78 EXP[17.2694 Ta / (273.3 + Ta)] 
 
Where: 
ea = Saturated vapour pressure at air temperature (Pa) 
Ta = Mean air temperature (°C). 
 
Energy Budget Weighting Factor, ( γ∆ ): 
Psychrometric constant (γ ): 
 γ = (cpPa) / (LvMr) 
  
Where: 
 γ = Psychrometric constant (Pa.°C-1) 
 cp= Specific heat of dry air (1004 J.kg-1 .°C-1) 
Pa= Atmospheric pressure (Pa) = Po - ρ.g.z 
Mr= Ratio of the molecular mass of dry air to that of water (0.62198) 
Lv = Latent heat of vapourisation (2.50177-0.00241Ta)x106 J.kg-1 
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Po = Atmospheric pressure (Pa) at sea-level (97400Pa) 
ρa = Density of air (1.292[273.2 / (273.2 + Ta)] kg.m-3) 
g = Gravitational acceleration (9.80665 m.s-2) 
z = altitude (m) 
Ta = Mean air temperature (°C). 
 
Slope of the ea vs. Ta curve ( ∆ ): 
 
 ∆  = 4098ea /(273.2 + Ta) 
 
A.4.2 The Energy Budget Component: Net Radiation 
 
Rs = Ra (1- α) (ar + brns /N) 
 
Where: 
Rs = Net shortwave radiation component of the Penman equation 
Ra = Extra-terrestrial radiation i.e. radiation received on a horizontal plane at the 
top of the atmosphere 
α = Mean daily albedo (reflectivity) value of the evaporating surface  (0.25 for 
short grass, 0.14 for forests) 
ar, br = Regression constants for estimation of shortwave radiation from sunshine 
duration. Default values are 0.24 and 0.53 for ar, br respectively. 
ns = Actual sunshine duration (hours) 
N = Maximum possible sunshine duration (hours), which varies with latitude and 
time of year. 
 
Estimating extraterrestrial radiation (Ra): 
 
Ra= 14.9158 (h.sinΦ.sinδ + cosΦ.cosδ.sinh)/rv2 
 
Where: 
Ra= Extra-terrestrial solar radiation (mm equivalent.day-1) 
rv = Sun’s radius vector (1 + 0.017 cos [0.017 (186 – Dj)] radians) 
Φ = Latitude north or south of the Equator (radians) 
δ = Declination (0.409 cos [0.017 (173 - Dj) radians) 
h = Sunrise hour angle (arcos (-tanΦ.tanδ). 
 
Estimating maximum possible sunshine duration (N): 
 
N = 24 x h/pi + 0.22 
 
Where: 
h = arcos (-tanδ.tanΦ) 
δ = 0.409 cos [0.017(173 –Dj)]. 
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Estimation of net longwave radiation (RI): 
 
RI= [σsb Tk4][0.56 – cea (ea. RH)0.5][fbs + (1-fbs) ns/N] 
 
Where: 
Tk= Mean air temperature (273.2 + Ta °C) 
σ
 sb= Stefan-Boltzmann constant (2.03 x 10-9 mm.day-1) 
RH =Mean daily relative humidity (%) 
cea = 0.0008 if ea in Pa 
fbs= Coefficient to account for back scattering by cloud cover (default = 0.1). 
 
 
A.5 Estimation of Maximum Evaporation 
 
Em = Er x Kcm 
 
Where: 
Em =Maximum evaporation (mm) 
Er = Reference potential evaporation (mm) 
Kcm = Crop coefficient 
 
A.6 Apportionment of Maximum Evapotranspiration to Maximum Soil Water 
Evaporation and Maximum Transpiration 
 
A.6.1 Maximum Transpiration: 
For 2.7 < LAID > 0.1 
 
Ft = 0.7 LAID0.5 –0.21 
 
Where: 
LAID = Daily value of leaf area index 
Ft = Fraction of evaporative energy available for transpiration (cannot exceed 
95% of Em). 
 
A.6.2 Maximum Evaporation: 
Esm= (1-Ft) Er 
 
Where: 
Esm= Maximum soil water evaporation (mm). 
 
 
A.7 Calculation of Actual Evapotranspiration 
 
A.7.1 Actual evaporation from the soil surface: 
Stage 1: Es = Esm 
When: Es > UI 
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Where: 
UI = 9(αs - 3) 0.42 
UI = Stage 1 upper limit (mm) 
αs = soil water transmission parameter (relational to texture class, hard coded in 
ACRU). 
 
Stage 2:  
 
Es =αs td0.5 – (td –1) 0.5 
 
Where: 
td = number of days since Stage 2 soil evaporation began. 
 
A.7.2 Actual Transpiration: 
 
Et = Etm 
 
Et < Etm when soil water is (a) deficient or (b) in excess. 
 
Actual Transpiration Under Conditions of Water Deficiency: 
 
A-horizon: 
EtA = EtmA (θA -θPWPA) / (fs . PAWA)  
 
B-horizon: 
EtB = EtmB (θB -θPWPB) / (fs . PAWB) 
 
Where: 
EtA/B = Actual transpiration for A-horizon/B-horizon 
EtmA/B= Maximum transpiration for A-horizon/B-horizon 
PAWA/B= Plant available water (mm) (PWP < PAW > DUL) 
fs = Fraction of maximum available soil water to the plant: 
 
fs = 0.94 + 0.0026 Ψcr/ Er 
 
Where: 
Ψcr= Critical leaf water potential of a plant (kPa), with the value being negative 
because of suction. 
 
Actual Transpiration Under Condition of Soil Water Excess: 
 
A-horizon: 
EtA = EtmA [0.7 (θPOA - θA) / (θPOA - θDULA) + 0.3] 
 
B-horizon: 
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EtB = EtmB [0.7 (θPOB - θB) / (θPOB - θDULB) + 0.3] 
 
A.8 Unsaturated Soil Water Rate of Redistribution 
 
A.8.1 Downwards: 
When θA > θB; 
RθAB= 0.02[(θA /θDULA)- θB /θDULB)] 
 
Where:  
RAB= Redistribution rate from A to B horizon 
θA = Soil water content of the A-horizon 
θB = Soil water content of the B-horizon 
θDULA= Drained upper limit of the A-horizon 
θDULB = Drained upper limit of the B-horizon. 
 
A.8.2 Upwards: 
When θB > θA; 
RθBA= 0.01[(θB /θDULB)- θA /θDULA)] 
 
Where:  
RBA= Redistribution rate from B to A horizon 
θA = Soil water content of the A-horizon 
θB = Soil water content of the B-horizon 
θDULA= Drained upper limit of the A-horizon 
θDULB = Drained upper limit of the B-horizon. 
 
A.9 Saturated Soil Water Drainage 
 
A.9.1 Surface: 
When θA > θDULA; 
SRθAB= (θA - θDULA) * ABRESP 
 
Where: 
SθAB= Volume of soil water redistributed through saturated drainage from A to B-
horizons (mm) 
KAB = Saturated redistribution rate (mm day-1). 
 
A.9.2 Subsurface: 
When θB> θDULB; 
SRθBF= (θB - θDULB) * BFRESP 
 
Where: 
SθBF= Volume of soil water redistributed through saturated drainage from B to 
groundwater store (mm) 
KBF = Saturated redistribution rate (mm day-1). 
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A.10 Snow Subroutines (Herpertz, 2001) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Subroutine AGGREG 
 
Determination of precipitation form using a curvilinear 
method (KIENZLE, 2007). 
T50 = Temperature (°C) where 50% of Pgross is snow 
TR = Range of temperatures where PM occurs 
Prop = Proportion that falls as snow, function of mean 
daily temperature, a curvilinear function of T50 and TR 
 
Rain: Prop < 0 
Snow: Prop > 1 
Mixed P: Part falls as Snow, function of Prop 
               Part falls as Rain, function of Prop
 
Submodule SNOCHK 
Daily mean temperature, T0 < 0°C  
⇒ Transfer of liquid interception storage into 
ice  
    storage 
Parameter- 
initialisation 
Main input parameters: 
TMAX, TMIN, T0, T50, TR, 
adjR, P, Pgross, 
TmaxSN, SNSCREEN 
„wet“ precipitation 
TMAX > TmaxSN 
N
 
y
 
Snow or mixed P 
PS or PM > 0.0
 
Output of corrected values for 
P => RFL, PS, RFLM, PM
 
Subroutine SNOCOR 
Correction of systematic error for snow and mixed prec. at gauge 
(RICHTER 1995) 
 
•  determination of a screening coefficient b by using the user-defined param   
   SNSCREEN  
    b = 0.535 for SNSCREEN = 1 
   b = 0.390 for SNSCREEN = 2 
   b = 0.305 for SNSCREEN = 3 
   b = 0.185 for SNSCREEN = 4 
 
•  P-correction 
 P = Pgross + b * Pgrossec 
End 
All precipitation regarded as 
rain 
P = RFL
 
y
 
n
 
 140 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Most important modified output variables: 
•   snow evaporation AESNOW, AEINT, AESN 
•   storages SNINT, SNSTOR 
•   liquid water content of snowpack RCI,  
 RC, RCIMAX, RCMAX  
•   available potential evaporation energy EPOT 
Determination of total evaporation of snow covered area, AESNOW 
AESNOW = AEINT + AESN 
forest 
IFOR = 1 
Parameter initialisations 
Determination of threshold value for a complete surface snow coverage 
SNCOMP = SNCC * ρS 
main input parameters: 
SNSTOR, SNINT, STOINT, EPOT, 
ρS, ESNREL, LAI, ICCFOR, SNCAPI, 
SNCC, IFOR 
Submodule SNEVAP 
Determination of threshold value for a complete canopy 
coverage with snow (depending on canopy cover factor) 
SNICAP = SNCAPI * ICCFOR 
Subroutine SNEINT 
•   Calculating potential snow evaporation from 
canopies, PEINT 
PEINT = EPOT                                  for SNINT > SNICAP 
PEINT = (SNINT / SNICAP) * EPOT       for SNINT < SNICAP 
 
•   Calculating the actual snow evaporation from 
canopies, AEINT, by balancing the available water content 
of the interception store, SNINT. 
Subroutine EVAPI 
•  Calculating evaporation of 
    liquid canopy interception,  
    STOINT, depending on leaf  
    area index LAI (see ACRU 
    interception routine EINT) 
no snow storage 
SNINT = 0.0 
Subroutine SNESU1 
  
• Determination of max. possible snow evaporation 
for an incomplete snowcover 
SNMXE = ESNREL * SNSTOR 
 
• Determination of potential snow evaporation from 
the pack 
PESN = SNSTOR / SNCOMP * SNMXE      for EPOT > SNMXE 
PESN = SNSTOR / SNCOMP * EPOT       for EPOT < SNMXE 
 
• Determination of actual surface snowcover 
evaporation,  AESN 
Complete snow coverage at surface 
(under forest and in open land) 
SNSTOR > SNCOMP 
 
Subroutine SNESU2 
 
• Determination of max. possible snow evaporation for a  
         complete snowcover by employing the water content of 
upper 5 cm of snowpack  
SNMXE = ESNREL * SNCOMP 
 
•   Determination of potential snow evaporation from the pack 
  PESN = SNMXE for EPOT > SNMXE 
  PESN = EPOT for EPOT < SNMXE 
•  Determination of actual surface snowcover evaporation, 
AESN  
End 
N
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Y
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N
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main input parameter: 
RFL, PS, RFLM, TMCRIT, T0, 
IR, 
SNDEP, SNINT, SNSTOR,  
ρsi, ρs, ρs_neu, ρsmax, met, CRF, 
SNCAPI, ICCFOR, LAI, SNMC, 
MCmod, TminADJ, TmaxADJ 
Submodule AKKU* 
- Subroutine RAINIF 
- Subroutine ONINT 
- Subroutine SNOINT 
- Subroutine RAINI 
- Subroutine ONSURF 
- Subroutine SNOAKK 
Submodule MELT* 
- Subroutine MELTI 
- Subroutine INTCON 
- Subroutine MELTSU 
Subroutine METAW* 
Subroutine META* 
Core Module SMiM 
 Parameter initialisations 
-        Determination of modification method for melt 
factor (MCmod) 
- Additive temperature adaptation (Tmin/TmaxADJ)  
for sub-units with prevailing North/South facing slopes 
-
  Setting for a maximum possible snow density 
(ρsmax) 
 Subroutine REFRE 
Calculating re-freeze of liquid snowcover 
portions (BRAUN 1985) 
SNRF = CRF * (SNMC * (T0 - TMCRIT)) 
Frost 
T0 < TMCRIT 
Snow / snow portion of mixed P 
PS > 0.0 
OR 
Rainfall on existing snow storage 
(SNSTOR, SNINT) and RFL > 0.0 
Snow storage at ground 
SNSTOR > 0.0 
Surface snowcover exists 
SNSTOR > 0.0 
Existing snow storage 
SNSTOR, SNINT > 0.0 
Melt conditions 
T0 > TMCRIT 
Initialising snowcover duration counter at beginning of 
new snow accumulation phase 
met [d] = 0 
Y 
Y
 
N
 
N 
N
 
N
 
N 
N 
Y
 
Y
 
Y
 
Y 
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Submodule META 
Parameter initialisations 
New snow layer 
UPSTOR > 0.0 
•  separate settling calculations for the two snow layers, 
UPSTOR and XSTOR, by using the respectively associated 
(different) initial snow density values,  ρs_new (UPDEN) and 
ρsi (initial density of existing, „old“ pack, XSTOR = 
DENNEW)(modified after  MARTINEC/RANGO 1991) 
  ρs_new  = ρs_new * 20.3 
 
 ρs_old =  ρsi * (met+1)0.3 
 
•  Calculating total snow density, ρs  (SNDEN), as a weighted 
mean 
ρ ρ ρ
Depicting duration of current snowcover phase [d] 
 met = met + 1
 
•  Check if calculated densities have reached the max. density 
value, ρsmax 
•  Re-calculating the actual snow depth after settling, SNDEP 
  SNDEP = SNSTOR / ρs  
main modified output parameters: 
•  Determination of density values for: 
-  a new snow layer, ρs_new ,  
-  an „old“ snowpack, ρs_old and 
-  the total snowpack, ρs  
•  Calculating actual snowdepth, SNDEP 
Calculate snow settling for  a snow cover 
without new snow overlay, SNSTOR 
(after MARTINEC / RANGO  1991)  
 ρs =  ρsi * (met+1)0.3 
End 
Y N 
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Submodule METAW 
Parameter initialisation 
high rainfall 
input 
RFL, RFLM > 
RCRIT 
•  Enhancing snow density according to rainfall input  
   ρs  = ρsi + 0.01 RFL/M * ρsi  
 
 -> for a two-layered snowpack additionally 
  ρs_new = ρs_new + 0.01 RFL/M * ρs_new 
 
•  Check if max. density value, ρsmax , is reached 
main input parameters: 
SNINT, SNSTOR, ρsi, ρs, ρs_new, ρs_old, 
ρsmax, RCI, RCIMAX, RC, RCMAX, 
SNIRC, SNRC, RFLNEW, RFLM, 
RFL, PS, IFOR, DENENH, RCRIT 
•  Reducing retention capacity (RCIMAX= SNIRC *(SNINT-RCI)) of  
  intercepted snow store, SNINT, for „wet“ snow conditions (RCI = RCIMAX) 
  by reducing the storage factor, SNIRC  
  SNIRC = 0.95 SNIRC 
 
•  Re-balancing the storage parameters RCI and RCIMAX 
•  Re-distributing excess water, EXINT, produced by retention 
reduction to the ground surface 
Forest 
IFOR = 1 
„wet“ surface snowcover due to max. free 
water content or new rainfall input 
RFL, > 0; RFLM > PS; RC = RCMAX 
•  Reducing retention capacity (RCMAX= SNRC * (SNSTOR-RC)) of 
  surface snow store, SNSTOR, for „wet“ snow conditions (RC = RCMAX) by   
  reducing the storage factor, SNRC  
  SNRC = 0.95 SNRC 
  
•  For two-layered snowpacks separate adjustments for each layer 
•  Re-balancing the storage parameters RC und RCMAX 
•  Re-distribution of excess water, RFLNEW, produced by reduced 
retention capacities 
•  Increasing snow density by an empirically determined additive term,  
  DENENH (after ROHRER 1992) 
   ρs  = ρs + DENENH 
 
•  For two-layered snowcovers separate adjustments for each layer 
•  Check if max. density, ρsmax is reached 
N
 
Y
 
N
 
N
 
Y
 
Y
 
End 
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Submodule MELT 
Parameter initialisations 
Forest 
IFOR = 1 
Interception snow store 
SNINT > 0.0 
Subroutine MELTI 
•  Calculating melt depth from the interception store, SNOMI 
 
 SNOMI = SNMC * (T0 - TMCRIT) 
 
•  Re-balancing storage parameters for interception store, SNINT 
•  Determination of snow clusters re-distributed to surface snow store 
•  Calculating remaining liquid interception depth after complete melt 
main input parameters: 
RFL, PS, RFLM, TMCRIT, T0,  
SNCAPI, ICCFOR, SNMC, ρs,  
SNINT, SNSTOR, ρsmax 
Enhancing the melt factor, SNMC 
•  if maximum density is reached 
 SNMC = 1.2 * SNMC  for  ρs = ρsmax 
 
•  for “wet“ snow after rain-on-snow events 
 SNMC = SNMC*0.9478e0.0163 RAIN   for RFLM > PS or  
      RFL > 0.0 
 Subroutine INTCON 
•  Re-balancing the surface snow cover in forest stands after melt processes at  
  canopy have taken place (integrating re-distributed melt water releases,  
  EXINT, and snow clusters from canopies, EXINTS, into surface snowcover) 
Reducing the melt factor for surface snowcovers 
under forest, SNMC_FOR, by employing the canopy 
cover factor, ICCFOR (KUUSISTO 1980) 
 
 SNMC_FOR = SNMC - 0.016 * ICCFOR 
Calculating potential melt, POTMEL(SNOM), from surface snow store, SNSTOR 
•  under forest stands (for IFOR = 1): 
 POTMEL = SNMC_FOR * (T0 - TMCRIT) 
 
•  open land: 
 POTMEL = SNMC * (T0 - TMCRIT) 
    Subroutine MELTSU 
Balancing melt for the surface snow storage, SNSTOR
 
•  Determination of actual melt depth by re-balancing all snow storage parameters, which are 
         affected by melt according to the available potential melt, POTMEL  
•  separate balancing of 1- and 2-layer snowcovers (NOTE: melt always starts at the top) 
•  Determination of actual melt water release from snowpack, DAYMEL  
•  Re-balancing of snowcover parameters (storage and properties) 
•  Calculation of remaining liquid interception at ground surfaces after complete melt 
End 
Y
 
N
 
N
 
Y 
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APPENDIX B 
 
ACRU Parameterization 
 
B.1 MENU File of Parent Modelling System 
    
Mode of simulation (point/lumped vs distributed)                          
     --------------------------------------------------                         
ICELL                                                                           
,,,,I                                                                           
    1                                                                           
                                                                                
      Distributed model specifications                                          
     ----------------------------------                                         
 ISUBNO MINSUB MAXSUB LOOPBK                                                    
,,,,III,,,,III,,,,III,,,,,,I                                                    
      5      1      5     0                                                    
                                                                                
      Hydrograph routing options                                                
     ----------------------------                                               
 IROUTE DELT                                                                    
,,,,,,I,FFFF.F                                                                  
      0 1440.0                                                                  
                                                                                
      Subcatchment configuration information                                    
     ----------------------------------------                                   
ICELLN IDSTRM PRTOUT           
,,,III,,,,III,,,,,,F                                        
     1      2      0                
     2      3      0                
     3      5      0                
     4      5      0                
     5      5      0                
                                                                                
      Rainfall file organisation                                                
     ----------------------------                                               
IRAINF                                                                          
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAA          
C:\ACRU\aHD2020.DAT                                                           1 
C:\ACRU\aHD2020.DAT                                                           2 
C:\ACRU\aHD2020.DAT                                                           3 
C:\ACRU\aHD2020.DAT                                                           4 
C:\ACRU\aHD2020.DAT                                                           5 
                                                                                
      Rainfall information                                                      
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     ----------------------                                                     
 FORMAT PPTCOR    MAP                                                           
,,,,,,F,,,,,,F,,IIIII       
      1      1    435    
      1      1    435    
      1      1    435   
      1      1    435    
      1      1    435    
                                                                                
      Monthly rainfall adjustment factors, CORPPT(i)                            
     ------------------------------------------------                           
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC                    
,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF     
 1.03 1.49 1.19 1.46 1.18 0.85 0.99 1.01 1.00 1.33 0.96 0.99                  1  
 0.98 1.48 1.19 1.39 1.20 0.84 1.04 1.01 1.06 1.22 1.17 1.05                  2 
 1.01 1.51 1.17 1.28 1.17 0.82 1.03 0.97 1.02 1.20 1.16 1.12                  3 
 1.06 1.62 1.23 1.29 1.24 0.84 1.09 0.98 1.14 1.12 1.09 1.24                  4 
 1.06 1.62 1.23 1.22 1.23 0.82 1.09 0.95 1.13 1.11 1.23 1.29                  5  
                                                                                
      Availability of observed streamflow data                                  
     ------------------------------------------                                 
IOBSTQ IOBSPK IOBOVR                                                            
,,,,,I,,,,,,I,,,,,,I                                                            
     0      0      0                                                          1 
     0      0      0                                                          2 
     0      0      0                                                          3 
     0      0      0                                                          4 
     1      0      0                                                          5 
                                                                                                                                                            
      Dynamic file option                                                       
     ---------------------                                                      
DNAMIC                                                                          
F                                                                               
0                                                                             1 
0                                                                             2 
0                                                                             3 
0                                                                             4 
0                                                                             5 
                                                                                
      Dynamic file organisation                                                 
     ---------------------------                                                
IDYNFL                                                                          
 
                                                                                
      General heading of simulation                                             
     -------------------------------                                            
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HEAD                                                                            
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA                                              
Response Unit 1                                                               1 
Response Unit 2                                                               2 
Response Unit 3                                                               3 
Response Unit 4                                                               4 
Response Unit 5                                                               5 
                                                                                
      Locational information                                                    
     ------------------------                                                   
  CLAREA   ELEV  ALAT ALONG IHEMI IQUAD                              
FFFFF.FF,FFFF.F,FF.FF,FF.FF,,,,,I ,,,,I                              
   60.03 1565.0 49.75 113.8     1     2                                       1 
   61.31 1410.3 49.75 113.8     1     2                                       2 
   55.89 1468.1 49.75 113.8     1     2                                       3 
   46.42 1258.0 49.75 133.8     1     2                                       4 
   30.43 1234.0 49.75 133.8     1     2                                       5 
                                                                                
      Period of record for simulation                                           
     ---------------------------------                                          
IYSTRT IYREND                                                                   
,,IIII,,,IIII                                                                   
  1961   1990                                                                 1 
  1961   1990                                                                 2 
  1961   1990                                                                 3 
  1961   1990                                                                 4 
  1961   1990                                                                 5 
                                                                                
      Simulation printout options                                               
     -----------------------------                                              
WRIDY WRIMO                                                                     
,,,,F,,,,,F                                                                     
    0     1                                                                   1 
    0     1                                                                   2 
    0     1                                                                   3 
    0     1                                                                   4 
    0     1                                                                   5 
                                                                                
      Statistical output options (I)                                            
     --------------------------------                                           
SUMMRY ICOMPR                                                                   
,,,,FF,,,,,,I                                                                   
     0      0                                                                 1 
     0      0                                                                 2 
     0      0                                                                 3 
     0      0                                                                 4 
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     0      0                                                                 5 
                                                                                
      Statistical output options (II)                                           
     ---------------------------------                                          
 ICOMPV LOGVAL                                                                  
,,,,,,I,,,,,,I                                                                  
      0      0                                                                1 
      0      0                                                                2 
      0      0                                                                3 
      0      0                                                                4 
      0      0                                                                5 
                                                                                
      Monthly means of daily max temperature, TMAX(i)                           
     -------------------------------------------------                          
   JAN   FEB   MAR   APR   MAY   JUN   JUL   AUG   SEP   OCT   NOV   DEC        
,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F        
  -1.5   2.4   6.3  11.8  17.7  23.6  27.5  26.8  20.6  15.5   6.1   0.9      1 
  -1.5   2.4   6.3  11.8  17.7  23.6  27.5  26.8  20.6  15.5   6.1   0.9      2 
  -1.5   2.4   6.3  11.8  17.7  23.6  27.5  26.8  20.6  15.5   6.1   0.9      3  
  -1.5   2.4   6.3  11.8  17.7  23.6  27.5  26.8  20.6  15.5   6.1   0.9      4 
  -1.5   2.4   6.3  11.8  17.7  23.6  27.5  26.8  20.6  15.5   6.1   0.9      5  
                                                                                
      Monthly means of daily min temperature, TMIN(i)                           
     -------------------------------------------------                          
   JAN   FEB   MAR   APR   MAY   JUN   JUL   AUG   SEP   OCT   NOV   DEC        
,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F        
 -13.5  -9.0  -5.5  -0.7   4.9  10.1  12.6  11.8   6.5   1.8  -5.7 -10.8      1 
 -13.5  -9.0  -5.5  -0.7   4.9  10.1  12.6  11.8   6.5   1.8  -5.7 -10.8      2 
 -13.5  -9.0  -5.5  -0.7   4.9  10.1  12.6  11.8   6.5   1.8  -5.7 -10.8      3  
 -13.5  -9.0  -5.5  -0.7   4.9  10.1  12.6  11.8   6.5   1.8  -5.7 -10.8      4  
 -13.5  -9.0  -5.5  -0.7   4.9  10.1  12.6  11.8   6.5   1.8  -5.7 -10.8      5 
                                                                                
#     Reference potential evaporation control variables                         
     ---------------------------------------------------                        
EQPET                                                                           
,,FFF                                                                        
  104      IPNF = 1 if Penman                                                                1 
  104                                                                                                      2 
  104                                                                                                      3 
  104                                                                                                      4 
  104                                                                                                      5 
                                                                                
      Evaporation input availability control flags                              
     ----------------------------------------------                             
  IEIF  ILRF  IWDF  IRHF  ISNF  IRDF  IPNF                                      
,,,,,I,,,,,I,,,,,I,,,,,I,,,,,I,,,,,I,,,,,I                                      
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     0     1     1     1     1     0     1                                    1 
     0     1     1     1     1     0     1                                    2 
     0     1     1     1     1     0     1                                    3 
     0     1     1     1     1     0     1                                    4 
     0     1     1     1     1     0     1                                    5 
                                                                                
      Means of monthly totals of pan evaporation, E(i)                          
     --------------------------------------------------                         
   JAN   FEB   MAR   APR   MAY   JUN   JUL   AUG   SEP   OCT   NOV   DEC        
,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F        
  00.0  00.0 000.0 000.0 000.0 000.0 000.0 000.0 000.0 000.0  00.0  00.0      1 
  00.0  00.0 000.0 000.0 000.0 000.0 000.0 000.0 000.0 000.0  00.0  00.0      2 
  00.0  00.0 000.0 000.0 000.0 000.0 000.0 000.0 000.0 000.0  00.0  00.0      3 
  00.0  00.0 000.0 000.0 000.0 000.0 000.0 000.0 000.0 000.0  00.0  00.0      4 
  00.0  00.0 000.0 000.0 000.0 000.0 000.0 000.0 000.0 000.0  00.0  00.0      5 
                                                                                
      Temperature adjustment for altitude                                       
     -------------------------------------                                      
 TELEV LRREG                                                                    
FFFF.F,,,,II                                                                    
1031.0     0                                                                  1 
1031.0     0                                                                  2 
1031.0     0                                                                  3 
1031.0     0                                                                  4 
1031.0     0                                                                  5 
                                                                                
      Mean lapse rates for min and max temperatures                             
     -----------------------------------------------                            
 TMAXLR  TMINLR                                                                 
FFFF.FF,FFFF.FF                                                                 
  -6.20   -6.20                                                               1 
  -6.20   -6.20                                                               2 
  -6.20   -6.20                                                               3 
  -6.20   -6.20                                                               4 
  -6.20   -6.20                                                               5 
                                                                                
      Mean daily windspeed (m/s)                                                
     ----------------------------                                               
WNDSPD                                                                         
,,FF.F                                                                          
   5.4                                                                        1 
   5.4                                                                        2 
   5.4                                                                        3 
   5.4                                                                        4 
   5.4                                                                        5 
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      Windspeed region number                                                   
     -------------------------                                                  
LINWIN                                                                          
,,,III                                                                          
     0                                                                        1 
     0                                                                        2 
     0                                                                        3 
     0                                                                        4 
     0                                                                        5 
                                                                                
      Monthly means of daily windrun (km/day), WIND(i)                          
     --------------------------------------------------                         
   JAN   FEB   MAR   APR   MAY   JUN   JUL   AUG   SEP   OCT   NOV   DEC        
,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F,FFF.F        
 581.0 510.0 473.0 452.0 439.0 407.0 378.0 355.0 409.0 500.0 558.0 604.0      1 
 581.0 510.0 473.0 452.0 439.0 407.0 378.0 355.0 409.0 500.0 558.0 604.0      2 
 581.0 510.0 473.0 452.0 439.0 407.0 378.0 355.0 409.0 500.0 558.0 604.0      3 
 581.0 510.0 473.0 452.0 439.0 407.0 378.0 355.0 409.0 500.0 558.0 604.0      4 
 581.0 510.0 473.0 452.0 439.0 407.0 378.0 355.0 409.0 500.0 558.0 604.0      5 
                                                                                
      Monthly means of daily average relative humidity, RH(i)                   
     ---------------------------------------------------------                  
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC                    
,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F                    
 60.8 58.1 61.9 55.2 53.2 64.3 54.7 55.0 56.4 56.8 60.4 57.4                  1 
 60.8 58.1 61.9 55.2 53.2 64.3 54.7 55.0 56.4 56.8 60.4 57.4                  2 
 60.8 58.1 61.9 55.2 53.2 64.3 54.7 55.0 56.4 56.8 60.4 57.4                  3 
 60.8 58.1 61.9 55.2 53.2 64.3 54.7 55.0 56.4 56.8 60.4 57.4                  4 
 60.8 58.1 61.9 55.2 53.2 64.3 54.7 55.0 56.4 56.8 60.4 57.4                  5 
                                                                                
      Penman equation control variables                                         
     -----------------------------------                                        
ALBEDO ICONS ISWAVE                                                             
,,F.FF,,,,,I,,,,,I                                                              
   .14     1     0                                                            1 
   .20     1     0                                                            2 
   .20     1     0                                                            3 
   .20     1     0                                                            4 
   .26     1     0                                                            5 
                                                                                
      Monthly means of daily hours of sunshine, ASSH(i)                         
     ---------------------------------------------------                        
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC    
,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F       
  3.5  5.4  6.1  7.3  8.1  9.0 10.2  8.1  6.2  5.3  3.7  3.5                  1 
  3.5  5.4  6.1  7.3  8.1  9.0 10.2  8.1  6.2  5.3  3.7  3.5                  2 
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  3.5  5.4  6.1  7.3  8.1  9.0 10.2  8.1  6.2  5.3  3.7  3.5                  3 
  3.5  5.4  6.1  7.3  8.1  9.0 10.2  8.1  6.2  5.3  3.7  3.5                  4 
  3.5  5.4  6.1  7.3  8.1  9.0 10.2  8.1  6.2  5.3  3.7  3.5                  5 
                                                                                
      "A" coefficient in Penman equation, ACONS(i)                              
     ----------------------------------------------                             
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC                    
,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF                    
  .27  .27  .28  .24  .24  .25  .24  .21  .23  .23  .22  .24                  1 
  .27  .27  .28  .24  .24  .25  .24  .21  .23  .23  .22  .24                  2 
  .27  .27  .28  .24  .24  .25  .24  .21  .23  .23  .22  .24                  3 
  .27  .27  .28  .24  .24  .25  .24  .21  .23  .23  .22  .24                  4 
  .27  .27  .28  .24  .24  .25  .24  .21  .23  .23  .22  .24                  5 
                                                                                
      "B" coefficient in Penman equation, BCONS(i)                              
     ----------------------------------------------                             
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC                    
,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF                    
  .51  .55  .57  .56  .58  .54  .52  .49  .52  .52  .51  .50                  1 
  .51  .55  .57  .56  .58  .54  .52  .49  .52  .52  .51  .50                  2 
  .51  .55  .57  .56  .58  .54  .52  .49  .52  .52  .51  .50                  3 
  .51  .55  .57  .56  .58  .54  .52  .49  .52  .52  .51  .50                  4 
  .51  .55  .57  .56  .58  .54  .52  .49  .52  .52  .51  .50                  5 
                                                                                
      Monthly means of daily incoming radiation, RADMET(i)                      
     ------------------------------------------------------                     
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC                    
,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F,FF.F                    
  3.8  7.5 13.2 17.9 21.2 20.7 24.1 19.6 13.5  9.0  5.0  3.1                  1 
  4.1  7.9 13.7 18.3 21.6 21.0 24.5 20.1 14.0  9.4  5.3  3.3                  2 
  4.2  8.0 13.8 18.4 21.7 21.1 24.6 20.2 14.1  9.5  5.4  3.4                  3 
  4.0  7.8 13.6 18.4 21.7 21.1 24.6 20.2 14.0  9.3  5.2  3.2                  4 
  4.0  7.8 13.6 18.4 21.7 21.1 24.6 20.1 14.0  9.3  5.2  3.2                  5 
                                                                                
      Penman equation option for either S-tank or A-pan equivalent evaporation  
     -------------------------------------------------------------------------- 
SAPANC                                                                          
,,,,,I                                                                          
     1            1=APAN                                             1 
     1                                                                        2 
     1                                                                        3 
     1                                                                        4 
     1                                                                        5 
                                                                                
      Smoothed mean monthly A-pan/S-pan ratios, SARAT(i)                        
     ----------------------------------------------------                       
 152 
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC                    
,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF                    
 1.36 1.37 1.35 1.32 1.28 1.27 1.26 1.25 1.26 1.27 1.30 1.34                  1 
 1.36 1.37 1.35 1.32 1.28 1.27 1.26 1.25 1.26 1.27 1.30 1.34                  2 
 1.36 1.37 1.35 1.32 1.28 1.27 1.26 1.25 1.26 1.27 1.30 1.34                  3 
 1.36 1.37 1.35 1.32 1.28 1.27 1.26 1.25 1.26 1.27 1.30 1.34                  4 
 1.36 1.37 1.35 1.32 1.28 1.27 1.26 1.25 1.26 1.27 1.30 1.34                  5 
                                                                                
      Pan adjustment option                                                     
     -----------------------                                                    
PANCOR                                                                          
,,,,,F                                                                          
     1                                                                        1 
     1                                                                        2 
     1                                                                        3 
     1                                                                        4 
     1                                                                        5 
                                                                                
      Monthly pan adjustment factors, CORPAN(i)                                 
     -------------------------------------------                                
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC                    
,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF                    
 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00                  1 
 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00                  2 
 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00                  3 
 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00                  4 
 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00                  5 
                                                                                
#     Level of soils information                                                
     ----------------------------                                               
PEDINF                                                                          
,,,,,F                                                                          
     1                                                                        1 
     1                                                                        2 
     1                                                                        3 
     1                                                                        4 
     1                                                                        5 
                                                                                
      Soils texture information                                                 
     ---------------------------                                                
 ITEXT                                                                          
,,,,II                                                                          
     8                                                                        1 
     8                                                                        2 
     8                                                                        3 
     7                                                                        4 
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     7                                                                        5 
                                                                                
      Soil physics based infiltration/soil water redistribution option          
     ------------------------------------------------------------------         
REDIST                                                                          
,,,,,F                                                                          
     0                                                                        1 
     0                                                                        2 
     0                                                                        3 
     0                                                                        4 
     0                                                                        5 
                                                                                
      Rainfall intensity distribution type                                      
     --------------------------------------                                     
IRDIST                                                                          
,,,,,I                                                                          
     2                                                                        1 
     2                                                                        2 
     2                                                                        3 
     2                                                                        4 
     2                                                                        5 
                                                                                
                    
      Soils information (adequate)                                                          
     ------------------------------                                             
DEPAHO DEPBHO  WP1  WP2  FC1  FC2  PO1  PO2 ABRESP BFRESP                         
,FF.FF,,FF.FF,.FFF,.FFF,.FFF,.FFF .FFF,.FFF,,FF.FF,,FF.FF                       
   .15    .42 .160 .194 .369 .348 .404 .467    .50    .85                     1 
   .16    .16 .135 .171 .298 .336 .440 .465    .52    .85                     2 
   .15    .23 .160 .114 .330 .255 .449 .453    .50    .90                     3 
   .15    .24 .153 .169 .331 .341 .432 .466    .49    .85                     4 
   .15    .24 .142 .161 .314 .320 .427 .464    .52    .85                     5 
                                                                                
      Shrink-swell soils option                                                 
     ---------------------------                                                
ICRACK                                      
,,,,,I                 
     0       
     0       
     0        
     1         
     1       
                                                                                
      Initial values of soil water retention constants                          
     --------------------------------------------------                         
 SMAINI SMBINI                                                                  
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,FFF.FF,FFF.FF                                                                  
  50.00  50.00                                                                1 
  50.00  50.00                                                                2 
  50.00  50.00                                                                3 
  50.00  50.00                                                                4 
  50.00  50.00                                                                5 
                                                                                
      Option for statistical analysis of soil water regime                      
     ------------------------------------------------------                     
SWLOPT                                                                          
,,,,,F                                                                          
     1                                                                        1 
     1                                                                        2 
     1                                                                        3 
     1                                                                        4 
     1                                                                        5 
                                                                                
      Soil water content thresholds for A horizon, SWLAM(i)                     
     --------------------------------------------------------                   
   1      2      3      4      5      6                                         
,,F.FFF,,F.FFF,,F.FFF,,F.FFF,,F.FFF,,F.FFF                                      
   .018   .050   .100   .150   .200   .300                                    1 
   .018   .050   .100   .150   .200   .300                                    2 
   .018   .050   .100   .150   .200   .300                                    3 
   .018   .050   .100   .150   .200   .300                                    4 
   .018   .050   .100   .150   .200   .300                                    5 
                                                                                
      Soil water content thresholds for B horizon, SWLBM(i)                     
     --------------------------------------------------------                   
   1      2      3      4      5      6                                         
,,F.FFF,,F.FFF,,F.FFF,,F.FFF,,F.FFF,,F.FFF                                      
   .018   .050   .100   .150   .200   .300                                    1 
   .018   .050   .100   .150   .200   .300                                    2 
   .018   .050   .100   .150   .200   .300                                    3 
   .018   .050   .100   .150   .200   .300                                    4 
   .018   .050   .100   .150   .200   .300                                    5 
                                                                                
#     Level of land cover information                                           
     ---------------------------------                                          
LCOVER                                                                          
,,,,,I                                                                          
     1                                                                        1 
     1                                                                        2 
     1                                                                        3 
     1                                                                        4 
     1                                                                        5 
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      Land cover number information                                             
     -------------------------------                                            
    CROPNO                                                                      
,,,FFFFFFF                                                                      
         0                                                                    1 
         0                                                                    2 
         0                                                                    3 
         0                                                                    4 
         0                                                                    5 
                                                                                
      Determination of canopy interception loss                                 
     -------------------------------------------                                
INTLOS                                                                          
,,,,,I                                                                          
     3                                                                        1 
     3                                                                        2 
     3                                                                        3 
     3                                                                        4 
     3                                                                        5 
                                                                                
      Leaf area index information                                               
     -----------------------------                                              
 LAIND                                                                         
,,,,,I                                                                         
     1                                                                        1 
     1                                                                        2 
     1                                                                        3 
     1                                                                        4 
     1                                                                        5 
                                                                                
      Monthly means of crop coefficients, CAY(i)                                
     --------------------------------------------                               
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC                    
,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF                    
  .50  .50  .50  .72  .90 1.05 1.15 1.15 1.01  .87  .63  .50                  1 
  .50  .50  .55  .60  .76 1.05 1.13 1.13 1.00  .88  .62  .50                  2 
  .50  .50  .52  .60  .76 1.10 1.15 1.14 1.02  .95  .62  .50                  3 
  .50  .50  .50  .50  .79 1.08 1.13 0.93 0.84  .60  .50  .50                  4 
  .50  .50  .50  .50 1.08 1.16 1.10 0.61 0.59  .55  .50  .50                  5 
       
      Monthly means of leaf area index, ELAIM(i)                                
     --------------------------------------------                               
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC    
,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF    
 1.26 1.26 1.26 1.53 2.34 3.00 2.91 2.86 2.20 1.63 1.26 1.26                  1 
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  .24  .24  .24  .89 1.43 1.63 1.42 1.29 1.09 1.11  .24  .24                  2 
  .08  .08  .08  .79 1.29 1.42 1.20 1.06 0.92 1.03  .08  .08                  3 
  .00  .00  .00  .44  .81 1.98 2.30 1.78  .50  .59  .00  .00                  4 
  .00  .00  .00  .00  .20 3.00 4.15 3.05  .00  .00  .00  .00                  5 
                     
                                                                               
      Fraction of active root system in topsoil horizon, ROOTA(i)              
     -------------------------------------------------------------              
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC                    
,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF                    
    .80  .80  .80  .75  .70  .60  .60  .60  .60  .70  .75  .80                  1 
    .90  .90  .90  .85  .75  .68  .68  .68  .68  .73  .83  .90                  2 
 1.00 1.00 1.00  .95  .80  .75  .75  .75  .75  .75  .90 1.00                  3 
 1.00 1.00 1.00  .95  .80  .75  .75  .75  .75  .75  .90 1.00                  4 
 1.00 1.00 1.00  .95  .80  .75  .75  .75  .75  .75  .90 1.00                  5 
                                                                                
      Effective total rooting depth                                             
     -------------------------------                                            
EFRDEP        
FFF.FF             
   .00      
   .00        
   .00     
   .00       
   .00        
                                                                                
      Total evaporation control variables                                       
     -------------------------------------                                      
 EVTR FPAW                                                                      
,,,,F,,,,F                                                                      
    2    0                                                                    1 
    2    0                                                                    2 
    2    0                                                                    3 
    2    0                                                                    4 
    2    0                                                                    5 
                                                                                
      Fraction of PAW at which plant stress sets in                             
     -----------------------------------------------                            
CONST                                                                           
FF.FF                                                                           
  .25                                                                         1 
  .25                                                                         2 
  .25                                                                         3 
  .25                                                                         4 
  .25                                                                         5 
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      Critical leaf water potential                                             
     -------------------------------                                            
 CRLEPO         CRLEPO                                                          
FFFFF.F        FFFFF.F                                                          
 -800.0        -1000.0                                                        1 
 -800.0        -1000.0                                                        2 
 -800.0        -1000.0                                                        3 
 -800.0        -1100.0                                                        4 
 -800.0        -1200.0                                                        5 
                                                                                
    
   Option for enhanced wet canopy evaporation                                
     --------------------------------------------                               
FOREST                                                                          
,,,,,F                                                                          
     1                                                                        1 
     0                                                                        2 
     0                                                                        3 
     0                                                                        4 
     0                                                                        5 
                                                                                
                                                                                
      Mean temperature threshold (øC) for active growth to take place           
     -----------------------------------------------------------------          
TMPCUT                                                                          
,,FF.F                                                                          
   2.0                                                                        1 
   2.0                                                                        2 
   2.0                                                                        3 
   2.0                                                                        4 
   2.0                                                                        5 
                                                                                
      Unsaturated soil moisture redistribution                                  
     ------------------------------------------                                 
IUNSAT                                                                          
,,,,,I                                                                          
     1                                                                        1 
     1                                                                        2 
     1                                                                        3 
     1                                                                        4 
     1                                                                        5 
                                                                               
      Streamflow simulation control variables                                   
     ------------------------------------------                                 
QFRESP   COFRU SMDDEP IRUN ADJIMP DISIMP STOIMP     
,FF.FF,,,F.FFF,FFF.FF,,,,I,,F.FFF,,F.FFF,,,F.FF                                 
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   .08    .050    .40    1   .003   .000   2.00                               1 
   .05    .035    .25    1   .003   .000   2.00                               2 
   .05    .030    .25    1   .003   .000   2.00                               3 
   .03    .030    .25    1   .000   .000   1.00                               4 
   .03    .030    .25    1   .000   .000   1.00                               5 
                                                                                
      Coefficient of initial abstraction, COIAM(i)                              
     ----------------------------------------------                             
  JAN  FEB  MAR  APR  MAY  JUN  JUL  AUG  SEP  OCT  NOV  DEC                    
,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF,F.FF                    
  .10  .10  .10  .15  .30  .35  .35  .35  .35  .35  .30  .15                  1 
  .03  .03  .03  .05  .25  .25  .25  .25  .25  .20  .10  .05                  2 
  .03  .03  .03  .05  .25  .25  .25  .25  .25  .20  .10  .05                  3 
  .03  .03  .03  .05  .15  .20  .20  .20  .20  .15  .10  .05                  4 
  .03  .03  .03  .05  .15  .20  .20  .20  .20  .15  .10  .05                  5 
                                                                                
B.2 ACRUSNOW MENU File 
 
- ISNOW: variable that specifies whether snow modelling is incorporated into model 
application -> Yes or No=1 or 2 (I1) 
1 
- ISNOTP: specifies which method is applied for determination of precipitation form -> 
1, 2 or 3 (I1) 
4 
- IPSCOR: specifies which method is applied for correction of systematic error of snow 
and mixed precipitation -> 1,2 or 3 (I1) 
0 
- ISCREE: indicates degree of screening at rainfall station 1,2,3 or 4 (I1) 
4 
- TPCRIT(I)[°C]: critical (base) temperature indicating transformation from rain and 
snow precipitation (12(F5.1,1x)) 
 10.0  10.0   6.0   5.0   2.5   2.5   2.5   2.5   2.5   2.5   3.5   3.5 
- TRANGE [°C]: Temperature Range within which a proportion of precip falls as rain 
  7.0   7.0  10.0  10.0   9.0   2.0   0.0   0.0   6.0  12.0  12.0   9.0 
- ADJ(I): adjustment factor for rain portion of mixed precipitation (12(4.2,1x)) 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  
- TMAXSN(I): maximum temperature for snow generation; if TMAXD.gt.TMAXSN all 
precipitation is regarded as rain °C (12(F5.1,1x)) 
  7.5   9.0   9.0   9.0   7.5   7.5   7.5   7.5  10.0  10.0  10.0   7.5 
- IEXP: specifies subcatchments with inclined surface (for temperature adjustment on 
inclined surface) -> 0 (No) or 1 (Yes) (I1) 
0 
- TMNADJ(I) (for sloping catchments only): minimum temperature adjustment value for 
sloping surfaces °C (12(F5.1,1x)) 
  0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0  
- TMXADJ(I) (for sloping catchments only): maximum temperature adjustment value for 
sloping surfaces °C (12(F5.1,1x)) 
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  0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0  
- IFOR: specification whether the subcatchment under consideration is under forest 
(1=yes,0=no)(I1) 
0 
- ICC(I)[%] (for forest catchments only): monthly values for canopy coverage (12(I3,1x)) 
 50  50  50  50  60  75  80  80  70  55  50  50  
- SNCAPI (for forest catchments only): canopy interception capacity for snow (F4.2) 
0.20 
- CORPS(I) monthly systematic error correction values for snow precipitation 
            if IPSCOR.eq. 1 => adjustment factor decimal]; if IPSCOR .eq. 2 => additive 
term [mm] (12(F5.2,1x)) 
 1.30  1.30  1.30  1.30  1.30  1.30  1.30  1.30  1.30  1.30  1.30  1.30  
- SNORC: initial fraction of liquid water retention capacity of new snow pack (e.g. 0.10 = 
10%)(F4.2) 
0.10 
- SNIRC: initial fraction of liquid water retention capacity of intercepted snow (e.g. 0.05 
= 5%)(F4.2) 
0.05 
- TMCRIT(I)[°C]: critical temperature for onset of melt (12(F5.1,1x)) 
  0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0   0.0 
- MCMOD: indicator for continuous daily modification of melt coefficient SNOMC -> 
Yes (1) or NO (0) (I1) 
1  
- SNOMC(I)[mm/°C*d]: melt factor for open areas (12(F4.2,1x)) 
3.00 3.00 5.00 2.00 2.00 2.00 2.00 2.00 2.00 3.00 3.00 3.00   
- SNEREL(I) [fraction]: portion of snow stores upper 5 cm WE that can be evaporated at 
max (12(F5.3,1x)) 
0.025 0.025 0.030 0.040 0.045 0.050 0.050 0.050 0.045 0.040 0.035 0.030  
- SNCC: complete surface snow coverage factor (F5.2) 75.00 
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APPENDIX C 
 
ACRU Input Variable Directory 
 
ABRESP = Fraction of "saturated" soil water to be redistributed daily from the 
topsoil into the subsoil when the topsoil is above its drained upper 
limit. 
e.g. 0.1 is slow, typical of clays 
0.8 is fast, typical of sands 
Default value = 0.5 
 
ACONS(I) = Locally determined monthly values of the a-constant for estimation of 
incoming radiation flux densities from sunshine duration information (If ICONS = NO, 
EQPET = 103 or 104). 
 
ADJIMP = Fraction of the catchment occupied by adjunct impervious areas, i.e. areas 
joined (connected) directly to a watercourse, from which precipitation contributes 
directly to quickflow. The precipitation falling on the adjunct impervious area has no 
effect on the soil moisture 
budget of the remaining catchment area. 
 
ALAT = Latitude of the centre of the catchment/subcatchment (degrees and 
minutes of a degree). 
 
ALBEDO = Reflection coefficient of incoming shortwave radiation fluxes, required when 
EQPET = 103 or 104. Depends on surface cover, season,wetness. To estimate Er 
ALBEDO = Default value = 0.07 (=7%) because A-pan equivalent is required. 
 
ALONG = Longitude of the centre of the catchment/subcatchment (degree and minutes of 
a degree). 
 
ALPHA = Runoff erosivity constant ("sy) in M.U.S.L.E. 
 
ALTH = Altitude (m above sea level) of highest elevation upstream of simulation site 
 
ALTIR = Altitude (m above sea level) of nearest receiving water body (stream, lake, 
wetland, drainage canal etc.), that is situated downstream of simulation site. 
 
ALTIS = Altitude (m above sea level) of centre of the simulation site.  
 
ARCAP = Variable to specify whether or not a predetermined surface area : storage 
volume relationship exists for use in the reservoir yield analysis  ARCAP = 0 area : 
volume relationship is available; variables RESCON, RESEXP are therefore to be 
specified > 0 no area : volume relationship is available; variables RESCON, RESEXP are 
therefore to be calculated internally in ACRU from other input information and selected 
default reservoir shapes. 
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ASSH(I) = Mean daily sunshine duration (hours and fractions) for each month, 
required when EQPET = 104 or 107. 
 
BCONS(I) = Locally determined monthly values of the b-constant for estimation of 
incoming radiation flux densities from sunshine duration information (If ICONS = NO, 
EQPET = 103 or 104). 
 
BETA = Runoff erosivity exponent ($sy) in M.U.S.L.E.  
 
BFRESP = Fraction of "saturated" soil water to be redistributed daily from the subsoil 
into the intermediate/groundwater store when the subsoil is above its drained upper limit. 
e.g. 0.1 is slow, typical of clays 
0.8 is fast, typical of sands 
Default value = 0.5 
 
CAY(I) = Average monthly crop coefficients, Kcm , for the pervious land cover of 
catchment/subcatchment (i.e. the proportion of water "consumed" by a plant under 
conditions of maximum evaporation in relation to that evaporated by an A-pan in a given 
period). 
 
CLAREA = Area of the catchment/subcatchment (km2).  
 
CORPAN(I) = Monthly adjustment factors to be applied to evaporation pan data set to 
correct for screening and systematic errors (if PANCOR = YES). e.g. If the pan value has 
to be corrected up by 10% in January then CORPAN(1) = 1.10. 
 
CORPPT(I) = Rainfall adjustment factors, given month-by-month, by which the daily 
point rainfall input data are adjusted, to give a more representative 
catchment/subcatchment rainfall (If PPTCOR = 1 or 2). e.g. (a) If PPTCOR = 1 and if the 
catchment's rainfall is >station's rainfall by 8% in March then CORPPT(3) = 1.08, or (b) 
if PPTCOR = 2 and if the measured rainfall on 
each day with rain in May is consistently lower at the station than the actual rainfall by 2 
mm, then 
CORPPT(5) = -2.0. 
 
CRLEPO = Critical leaf water potential of the vegetation type, input in negative 
kPa (if FPAW = YES). CRLEPO for maize : = -1700 kPa for grass : = -1000 kPa. 
 
DEPAHO = Thickness (m) of the topsoil of the soil profile.  
 
DEPBHO = Thickness (m) of the subsoil of the soil profile.  
 
DEPIMP = Depth of impervious layer (m), i.e. the bottom of the aquifer, below 
simulation site. 
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DEPROT = Maximum depth of (tap) roots (mm), which extend beyond the Bhorizon 
into the intermediate zone. 
 
DISIMP = Fraction of the catchment occupied by impervious areas which are not 
adjacent to a watercourse (e.g. house roofs discharging onto lawn).Precipitation falling on 
this impervious area thus does not contributes directly to streamflow, but is assumed to 
re-infiltrate on the remaining pervious portion of the catchment. The precipitation falling 
on disjunct impervious areas thus have an effect on the soil moisture budget of the 
remaining catchment area. 
 
DISTA = Distance (m) between centre of simulation site and highest elevation 
upstream of simulation site. 
 
DISTR = Distance (m) between centre of simulation site and nearest receiving 
water body. 
 
DNAMIC = NO no dynamic input file to be used (i.e. IDYNFL left blank) = YES 
dynamic input file is to be invoked (i.e. 
assign file name to IDYNFL). 
 
EFRDEP = Effective root depth (m), defaulted to (DEPAHO+DEPBHO). If an 
 
EFRDEP < (DEPAHO+DEPBHO), this overrides the total soil depth 
used in soil water budgeting. 
 
ELAIM(I) = Monthly mean value of leaf area index (if LAIND = 1).  
 
ELAMD1..3 = Stress coefficients (lambda values) for the phenological (growth) stages 
used in the ACRU maize yield model, i.e. a weighting coefficient to account for the 
relative importance of Et/Etm during each growth stage. 
 
ELEV = Average altitude (m) above mean sea level of the 
catchment/subcatchment. 
 
EQPET = Variable to specify which method is to be used to derive reference 
potential evaporation (Er), where the reference is daily A-pan 
equivalent evaporation. 
 
EQPET = 100 The expert system on reference potential evaporation will decide, on day-
by-day basis, which is the best method to estimate Er , based on the input information 
available on that day 
 
EQPET > 100 The user has the option to choose manually by which method Er is to be 
derived, thus "over-riding" the expert system 
= 101 Daily observed A-pan equivalent evaporation (unscreened) 
= 102 Monthly totals of daily A-pan equivalent evaporation (unscreened) 
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= 103 PENMAN (1948) equation - daily input 
= 104 PENMAN (1948) equation – monthly input 
= 105 HARGREAVES & SAMANI (1982) equation - daily input with sunshine 
calibration 
= 106 HARGREAVES & SAMANI (1985) equation - daily input using temperature data 
only 
= 107 HARGREAVES & SAMANI (1982) equation - monthly input with sunshine 
calibration 
= 108 HARGREAVES & SAMANI (1985) equation - monthly input using temperature 
values only 
= 109 LINACRE (1991) equation – daily temperature input 
= 110 LINACRE (1991) equation – monthly temperature input 
= 111 LINACRE (1984) equation – daily temperature input 
= 112 LINACRE (1984) equation – monthly temperature input 
= 113 LINACRE (1977) equation – monthly temperature input 
= 114 BLANEY & CRIDDLE (1950) equation - monthly temperature input 
= 115 THORNTHWAITE (1948) equation - monthly temperature input. 
 
EVTR = Option for estimation of total evaporation as an entity or by soil water 
evaporation (Es) and plant transpiration (Et) computed separately. 
 
EVTR = 1 Es + Et are calculated as an entity = 2 Es + Et are calculated separately. 
 
FC1 = Soil water content (m.m-1) at drained upper limit for the topsoil.  
 
FC2 = Soil water content (m.m-1) at drained upper limit for the subsoil.  
 
FCIZ = Soil water content (m.m-1) at drained upper limit (field capacity) for the 
intermediate zone. 
 
FOREST = Variable to specify whether or not to simulate wet canopy evaporation at an 
enhanced rate, which occurs under forest conditions, and to inform ACRU that the 
EUCDYGEN dynamic file generator has been used to create the dynamic file used in the 
Eucalyptus grandis timber yield model. 
 
FOREST = 0 wet canopy evaporation at potential rate (for short vegetation) = 1 enhanced 
wet canopy evaporation if forest covers > 50 % of (sub)catchment = 2 Eucalyptus 
grandis timber yield model is selected, including enhanced wet canopy evaporation 
(dynamic file created by EUCDYGEN dynamic file generator). 
 
FORMAT = Option to specify the format by which the daily climatic and other 
data are read into the program. 
 
FORMAT = COMPOSITE multi-variable format which can contain a range of 
daily climatic and other data = SINGLE single variable format by which only daily 
rainfall 
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(or alternatively, only daily streamflow, if ISTRMF=) data are read in. 
FPAW = Option to select method to detect onset of plant stress. FPAW = YES use 
CRLEPO to detect onset of plant stress = NO use CONST to detect onset of plant stress. 
 
HEAD = General heading/title for the particular catchment, subcatchment, location or 
simulation run in order to identify the run. 
 
ICELL = Option to specify the mode of simulation, i.e. whether the model is to simulate 
at a point, for a lumped catchment, or operate in distributed mode as a series of cell-
linked subcatchments. 
ICELL = NO operate in lumped catchment/point location mode = YES operate in 
distributed catchment mode. 
 
ICELLN = The number of the subcatchment under consideration when the model is 
operated in distributed mode (NB: The numbering has to be sequential, increasing 
downstream). 
 
ICONS = Variable to specify whether default constant values (constants ACONS(I) and 
BCONS(I)) are to be used in the Penman equation for potential evaporation when solar 
radiation is estimated from sunshine data. ICONS = NO locally determined constants to 
be used = YES default values for constants to be used. 
 
ICRACK = Option to account for cracking soils (ICRACK#3), based on the clay contents 
of the soil. ICRACK = 0 cracking soils not taken into consideration > 0 cracking soils are 
accounted for. 
 
IDOMR = Option to invoke abstractions from a river for purposes other than for irrigation 
(e.g. for domestic or industrial use). IDOMR = NO no abstractions (other than for 
irrigation) from the river = YES abstractions from a river take place (other than for 
irrigation). 
 
IDSTRM = The number of the subcatchment immediately downstream of the 
subcatchment under consideration, when the model is operated in distributed mode. 
 
IEIF = Control flag, to indicate the availability of mean monthly A-pan equivalent 
reference evaporation. IEIF = NO mean monthly A-pan equivalent reference potential 
evaporation values 
not available = YES mean monthly A-pan equivalent reference potential evaporation 
values are available. 
 
IGWATR = Option to request the simulation of shallow groundwater components, i.e. the 
simulation of the water budget of the intermediate zone, including transpiration via tap 
roots, water table fluctuation and water table drawdown. This routine has been developed 
to be applied in areas with a homogeneous aquifer and with deep sandy soils (as in 
Northeastern Kwazulu-Natal). IGWATR = NO no shallow groundwater simulation 
IGWATR = YES shallow groundwater simulation required. 
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IHEMI = Indicator whether the catchment/subcatchment is in the northern or southern 
hemisphere. IHEMI = NORTH Northern hemisphere = SOUTH Southern hemisphere. 
 
ILRF = Control flag, to indicate whether an altitudinal correction of temperature is 
required. ILRF = NO altitudinal correction of temperature not required = YES altitudinal 
correction of temperature required. 
 
INCELL = Variable to specify whether, when irrigation takes place, it is applied within 
the (sub)catchment under consideration or not. INCELL = NO irrigation is applied 
outside of the (sub)catchment = YES irrigation is applied within the (sub)catchment. 
 
INTLOS = Option to select method of determining plant canopy interception loss.INTLOS 
= 1 interception loss determined using VEGINT(I)= 2 interception loss determined event-
byevent by the Von Hoyningen-Huene equation using ELAIM(I) = 3 interception loss 
determined indirectly by the Von Hoyningen-Huene equation using CAY if ELAIM(I) 
values are not available. 
IOBOVR = Option to use observed streamflow data (if available, i.e. when IOBSTQ = 
YES) as streamflow input to the downstream subcatchment instead of using simulated 
inflow to the downstream subcatchment. This allows for the self-correction of streamflow 
as the simulation cascades downstream. IOBOVR = NO simulated streamflow values 
"flow" into the downstream subcatchment = YES observed streamflow values "flow" into 
the downstream subcatchment. 
 
IOBSPK = Variable which specifies availability of observed daily values of peak 
discharge IOBSPK = NO no observed values are available = YES observed values are 
available (FORMAT=COMPOSITE). 
 
IOBSTQ = Variable which specifies availability of observed daily values of 
streamflow volume. IOBSTQ = NO no observed values are available = YES observed 
values are available (FORMAT=COMPOSITE or FORMAT=SINGLE). 
 
IPNF = Control flag, to indicate whether the Penman equation should be invoked. IPNF 
= NO Penman equation not invoked = YES Penman equation invoked. 
 
IQUAD = Indicator whether the catchment/subcatchment is to the east or west of 
Greenwich IQUAD = EAST longitude east of Greenwich = WEST longitude west of 
Greenwich. 
 
IRAINF = File name, including path, assigned to the daily hydrometeorological or rainfall 
(only) data input file relevant to the particular catchment/subcatchment, i.e. the file name 
may refer to either an ACRU single format file or an ACRU composite format file. 
 
IRANK = Selection of variable on which extreme value analysis is to be undertaken using 
the Annual Maximum Series. IRANK = 1 maximum daily rainfall (mm) = 2 maximum 
daily observed streamflow depth (mm) = 3 maximum daily simulated streamflow depth 
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(mm)= 4 maximum daily observed peak discharge (m3.s-1)= 5 maximum daily simulated 
peak discharge (m3.s-1). 
 
IRDF = Control flag, to indicate the availability of mean monthly radiation flux densities 
. IRDF = NO radiation flux density information is not IRDF = YES radiation flux density 
information is available. 
 
IRDIST = Rainfall intensity distribution type 1, 2, 3 or 4 as delineated for southern Africa 
(cf. ACRU Theory Chapter 12; Section 6.16 of ACRU User Manual). 
 
IRHF = Control flag, to indicate the availability of mean monthly relative humidity 
information. IRHF = NO relative humidity information is not available = YES relative 
humidity information is available. 
 
IRRPED = Option to specify that, in addition to soil textural information, soil water 
retention values for the drained upper limit, permanent wilting point and saturation are 
available. 
 
IRRPED = NO soil water retention values are not available = YES values for the irrigated 
soil's permanent wilting point, drained upper limit and saturation are available. If 
IRRPED = NO values for the irrigated soil's permanent wilting point, drained upper limit 
and saturation are derived from the irrigated soil's textural class using information 
preprogrammed in the Menubuilder. 
IRSPLY = Variable to specify from which catchment number (ICELLN) irrigation water 
is supplied when operating in the "loopback" mode (LOOPBK = YES) 
 
IRUN = Variable to request the exclusion or inclusion of baseflow from the simulation of 
streamflow. IRUN = NO baseflow excluded from the simulated streamflow (i.e. 
streamflow = stormflow only) = YES baseflow included in streamflow (i.e. simulated 
streamflow = stormflow + baseflow). Default input = YES, i.e. 1. 
 
ISNF = Control flag, to indicate the availability of mean monthly sunshine duration 
information. ISNF = NO sunshine duration information is not available ISNF = YES 
sunshine duration information is available. 
 
ISTRMF = File name assigned to the observed daily streamflow input file for a particular 
catchment/subcatchment. (NB: applicable only if a separate streamflow data file exists, in 
which case FORMAT = SINGLE). 
 
ISUBNO = Total number of subcatchments making up the catchment.  
 
ISWAVE = Specification whether incoming shortwave radiation input is available from 
observations or has to be estimated from sunshine duration information in the Penman 
monthly potential evaporation equation. 
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ISWAVE = NO adjusted mean daily radiation flux densities are available from 
observation for each month (RADMET(I)) = YES radiation input has to be estimated in 
the program by using sunshine duration information. 
 
ITEXT = Soil texture classes for which soil water retention constants, redistribution rates 
and other information are preprogrammed in the Menubuilder. 
ITEXT = 1 clay 
= 2 loam 
= 3 sand 
= 4 loamy sand 
= 5 sandy loam 
= 6 silty loam 
= 7 sandy clay loam 
= 8 clay loam 
= 9 silty clay loam 
= 10 sandy clay 
= 11 silty clay. 
 
IUNSAT = Request to include redistribution of unsaturated soil water (both downwards 
and upwards, i.e. capillary action) in the soil water budgeting routines. IUNSAT = NO 
unsaturated soil water redistribution not requested. = YES unsaturated soil water 
redistribution to be included. 
 
IWDF = Control flag, to indicate the availability of mean monthly windspeed data. IWDF 
= NO windspeed data are not available = YES windspeed data are available. 
 
IYREND = The year, on the first day of which, the simulation run will terminate. A blank 
will end the simulation in the last month of available input data in the file. 
 
IYSTRT = The first year of a rainfall/hydrometeorological data series to be used in a 
simulation run. A blank will start the simulation in the first month of available input data 
in the file. 
 
IZTEXT = Soil texture classes for the intermediate zone. The height of the associated 
capillary fringe is computed from this information by the Menubuilder. IZTEXT = 0 
default to texture of the surface soil 
(ITEXT) 
= 1 clay 
= 2 loam 
= 3 sand 
= 4 loamy sand 
= 5 sandy loam 
= 6 silty loam 
= 7 sandy clay loam 
= 8 clay loam 
= 9 silty clay loam 
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= 10 sandy clay 
= 11 silty clay 
 
LAG = Option to specify which method is to be used to estimate catchment lag, a variable 
required for peak discharge computations. LAG = 1 lag is calculated using the original 
SCS Equation = 2 lag is calculated using the Schmidt/Schulze equation = 3 lag is 
calculated from the catchment time of concentration (TCON). 
 
LAIND = Option to indicate what leaf area index (LAI) information is available 
for the land use/crop in question. LAIND = 0 no LAI information is available = 1 monthly 
LAI information available and specified in ELAIM(I) = 2 daily LAI information, 
ELAID(K), available and specified in the daily hydrometeorological input file (FORMAT 
= COMPOSITE, IRAINF =). 
 
LCOVER = Option to specify whether manually input or default values are to be used 
with regard to land cover information in the Menubuilder. LCOVER = 0 default values to 
be used = 1 actual values of CAY(I), ROOTA(I), ELAIM(I) (optional) and VEGINT(I) to 
be given. 
 
LENGTH = Length of the growing season (days) for a crop (if CROP = 1 or CROP = 3). 
 
LINWIN = Wind coefficient for the Linacre (1977) reference potential evaporation 
equation, required when EQPET = 113. In southern Africa this coefficient can be input 
by specifying a wind region number, with wind regions delineated by Dent, Schulze and 
Angus (1988). Monthly wind  coefficients are preprogrammed into ACRU for each 
mapped region in southern Africa. LINWIN = 0 wind region unknown, e.g. when 
simulating outside of southern Africa (default wind coefficient = 15 is used) LINWIN = 1 
- 7 select wind region for southern Africa from map. 
 
LRREG = Adiabatic lapse rate region number. Southern Africa has been delineated into 
12 lapse rate regions by Schulze and Maharaj (1994). Monthly lapse rates for maximum 
and minimum temperatures are preprogrammed into ACRU for each mapped region in 
southern Africa. LRREG = 0 if simulating outside of southern Africa, but a lapse rate is 
required (i.e. ILRF =1) 
 
LRREG = 1 - 12 if simulating in southern Africa and a regional lapse rate is required 
(ILRF = 1). 
 
LYSIM = Option to simulate the water budget of an internally drained area, including that 
of a lysimeter. NB: The stormflow generated when this "lysimeter" option is used, is re-
infiltrated. LYSIM = NO stormflow is generated and flows out of (sub)catchment = YES 
stormflow is re-infiltrated into soil and no stormflow flows out of (sub)catchment or 
lysimeter. 
 
MAP = Mean Annual Precipitation (mm) for (sub)catchment.  
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MAXSUB = Number of the last subcatchment (ICELLN) to be processed in a particular 
run. e.g. If only the first 3 subcatchments of a catchment with 8 subcatchments (ISUBNO 
= 8) are to be processed, then MAXSUB = 3. 
 
MINSUB = Number of the first subcatchment (ICELLN) to be processed in a particular 
run. e.g. If the first 3 subcatchments of a catchment with 8 subcatchments (ISUBNO = 8) 
are to be excluded, then MINSUB = 4.  
 
PANCOR = Option to request monthly pan evaporation adjustment factors. PANCOR = 0 
no adjustment factors to be applied = 1 adjustment factor to be applied to all 
evaporation values, by multiplication with monthly factors to be given in CORPAN(I) 
PANCOR = 2 adjustment factor applied to estimated evaporation values only and not to 
observed values, when the evaporation data set contains both observed and estimated 
values. 
 
PEAK = Option to request the estimation of peak discharge. PEAK = NO no peak 
discharge estimate required PEAK = YES peak discharge estimate required. 
 
PEDDEP = Default values to approximate soil horizon thicknesses (in m, if PEDINF = 
NO). Depth classes for use in the ACRU Menubuilder: 
 
PEDINF = Adequacy of soils information (i.e. whether soil water retention and soil 
horizon thickness information is available or if only soil textural classes and default 
depths are to be used to generate soils input). PEDINF = NO inadequate soils information 
is available (i.e. only ITEXT and PEDDEP need to be input) = YES adequate soils 
information is available (i.e. values of WP1, WP2, FC1, FC2, PO1, PO2, DEPAHO, 
DEPBHO, ABRESP and BFRESP must be given). 
 
PO1 = Soil water content (m.m-1) at saturation (i.e. porosity) for the topsoil.  
 
PO2 = Soil water content (m.m-1) at saturation (i.e. porosity) for the subsoil.  
 
PPTCOR = Option to denote that the point rainfall data from the station which was 
selected requires adjustment in order to represent the (sub)catchment areal rainfall more 
realistically. If PPTCOR is requested, daily rainfall values are converted by a factor 
CORPPT(I), which can vary month-by-month. PPTCOR = 0 no correction to be applied 
= 1 adjustment to be applied by multiplication of a factor CORPPT(I) = 2 adjustment by 
addition or subtraction of a constant value CORPPT(I) because of a systematic error in 
the raingauge recording. 
 
QFRESP = Stormflow response fraction for the catchment/subcatchment, i.e. the fraction 
of the total stormflow (#1.0) that will run off from the catchment/subcatchment on the 
same day as the rainfall event. 
 
RADMET(I) = Mean daily shortwave radiation flux densities (MJ.m-2) for each month (if 
ISWAVE = NO, EQPET = 104). 
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RH(I) = Monthly means of daily average relative humidity (%), required when EQPET = 
104 
 
ROOTA(I) = Fraction of effective root system in the topsoil horizon, specified month-by-
month. 
 
SAPANC = Option to indicate whether S-tank or A-pan equivalent evaporation estimates 
are required from the Penman equation (if IPNF=YES). SAPANC = NO S-tank 
equivalent evaporation 
estimates required = YES A-pan equivalent evaporation estimates required. 
 
SARAT(I) = Smoothed mean monthly A-pan/S-tank evaporation ratios, required when 
EQPET = 103 or 104. 
 
SLOPE = Average slope (%) of catchment/subcatchment (if LAG = 1 or 2).  
 
SMAINI = Soil water content of the topsoil at the start of the simulation, expressed as a 
percentage of plant available water capacity (PAWC), e.g. 100 if at drained upper limit, 0 
if at permanent wilting point. 
 
SMBINI = Soil water content of the subsoil at the start of the simulation, expressed as a 
percentage of PAWC. 
 
SMDDEP = Effective (critical) depth of the soil (m) from which stormflow generation 
takes place. SMDDEP = 0 effective depth is not known and is defaulted to be the 
thickness of the topsoil horizon (DEPAHO) > 0 effective depth is as specified (m). 
 
STOIMP = Surface storage capacity (i.e. depression storage, or initial abstraction) of 
impervious surface, which needs to be filled before stormflow commences. For example, 
it could be assumed that tarmac has a storage of (say) 1 mm, after which stormflow from 
the impervious surface commences. The storage is dynamic and is depleted as a result of 
evaporative demand. 
 
SWLAM(I) = SWC thresholds for the topsoil, used to define class intervals in order to 
perform a frequency analysis of the SWC in each interval (if SWLOPT = YES). 
 
SWLBM(I) = SWC thresholds for the subsoil, used to define class intervals in order to 
perform a frequency analysis of the SWC in each interval (if SWLOPT = YES). 
 
SWLOPT = Option for the frequency analysis of Soil Water Contents (SWC) of top- and 
subsoil horizons to be undertaken. SWLOPT = NO no frequency analysis is performed. = 
YES frequency analysis of SWC performed. 
 
TCON = Time of concentration (h) (if LAG = 3).  
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TELEV = Altitude (m) of the base temperature station, values from which will undergo a 
temperature : altitude adjustment (using regional lapse rates) to account for the 
(sub)catchment temperatures being different to those of the base station (required if ILRF 
= 1). 
 
TMAX(I) = Monthly means of daily maximum temperatures (EC), adjusted if necessary 
for slope/aspect. NB : altitude correction for temperature is optional (cf. ILRF flag). 
 
TMAXLR = Mean regional lapse rate (+/-EC.1000m-1) for maximum temperature. Where 
no regional lapse rates are known, default is -6.2EC.1000m-1 altitude. Required if 
LRREG = 0. The lapse rate is usually a negative value, indicating a decrease in 
temperature with altitude. 
 
TMIN(I) = Monthly means of daily minimum temperatures (EC), adjusted if necessary 
for slope/aspect. NB : altitude correction for temperature is optional (cf. ILRF flag). 
 
TMINLR = Mean regional lapse rate (+/-EC.1000m-1) for minimum temperature. Where 
no regional lapse rates are known, default is -6.2EC.1000m-1 altitude. The lapse rate is 
usually a negative value, indicating a decrease in temperature with altitude. Required if 
LRREG = 0. 
 
TMPCUT = Threshold mean daily temperature (oC), above which active transpiration 
takes place. 
 
VEGINT(I) = Interception loss (mm.rainday-1) by vegetation, given month-by month. 
 
WIND(I) = Monthly means of the daily windrun (km.day-1), required when EQPET = 
104, 109, 110, 111 or 112 (if IWDF = YES, i.e. 1) 
 
WNDSPD = Mean daily windspeed in m.s-1, required when EQPET = 109, 110, 111 or 
112 (if IWDF = NO i.e. 0). Typically 1.6 m.s-1. WNDSPD > 0 if windspeed (m.s-1) is 
known = 0 value of windspeed is not known and a default value of 1.6 m.s-1 is to be 
used. 
 
WP1 = Soil water content (m.m-1) at permanent wilting point for the topsoil.  
 
WP2 = Soil water content (m.m-1) at permanent wilting point for the subsoil.  
 
 
 
 
 
 
 
 
 
